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ABSTRACT OF THE DISSERTATION
STUDIES OF Nε-LYSINE ACETYLATION MODIFICATION ON ESCHERICHIA
COLI TOPOISOMERASE I
by
Qingxuan Zhou
Florida International University, 2017
Miami, Florida
Professor Yuk-Ching Tse-Dinh, Major professor
Escherichia coli topoisomerase I (TopA), a regulator of global and local DNA
supercoiling, is modified by Nε-Lysine acetylation. The sirtuin protein deacetylase CobB
can reverse both enzymatic and non-enzymatic lysine acetylation modifications. Here, we
explored the effect of lysine acetylation on E. coli topoisomerase I through analysis of
TopA relaxation activity and protein expression in cell extract of wild-type and a ΔcobB
mutant strains. We showed that the absence of deacetylase CobB in a ΔcobB mutant
reduced intracellular TopA relaxation activity while elevating TopA expression and topA
gene transcripts levels. Acetyl phosphate mediated lysine acetylation decreased the activity
of purified TopA in vitro, and the interaction with purified CobB protected TopA from
such inactivation. We explored the physiological significance of TopA acetylation on DNA
supercoiling by two-dimensional gel analysis and on cell growth rate by growth curve
analysis. We found that the absence of CobB increased negative DNA supercoiling. The
vi

slow growth phenotype of the ∆cobB mutant can be partially compensated by
overexpression of recombinant TopA. In addition, the specific activity of TopA expressed
from His-tagged fusion construct in the chromosome was inversely proportional to the
degree of in vivo lysine acetylation during growth transition and growth arrest.
Investigation of TopA relaxation mechanism using nuclease footprinting and TopA
oxidative crosslinking suggested the potential association of TopA acetylation in catalysis.
Mass spectrometry analysis of in vitro acetyl phosphate acetylated TopA identified
abundant lysine acetylation sites. Substitution of lysine residues by site-directed
mutagenesis was used to model the effect of acetylation on individual lysine residues. Our
results showed that substitution of Lys-484 with alanine reduced the relaxation activity,
suggesting the reduction of TopA relaxation activity by acetylation was probably in part
due to acetylation on Lys-484. These findings demonstrate that E. coli topoisomerase I is
modulated by lysine acetylation and the prevention of TopA inactivation from excess
lysine acetylation and consequent increase in negative DNA supercoiling is an important
physiological function of the sirtuin deacetylase CobB.
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INTRODUCTION
I.1 DNA TOPOLOGY
Double helical deoxyribonucleic acid (DNA) is fundamental for every living
organism. The highly ordered structure of the double helix is formed by two base-paired
complementary strands that follow a right-handed helical path about a central axis. The
discovery of DNA structure by Watson and Crick in 1953 is often marked as the birth of
modern molecular biology (Watson and Crick, 1953). DNA is a very flexible and dynamic
molecule during cellular processes. A typical double helix DNA molecule consists of two
intertwined complementary polynucleotide chains. B-DNA is the biologically predominant
form of DNA structure (Mirkin, 2001). It consists of a right-handed helical conformation,
and the detailed structure is dependent on the local sequence of nucleotides, DNA binding
proteins and DNA-centered processes (Travers and Muskhelishvili, 2015). The fact that
the double helix DNA strands are continuously intertwined gives rise to topological
properties of DNA structures.
This intertwining of DNA double helix introduces supercoils and changes gene
expression. Winding DNA in a right-handed direction as the helix generates positive
supercoiling, which is also called over-wound DNA, whereas winding in a left-handed
direction generates negative supercoiling, called under-wound DNA (Figure 1) (Baranello
et al., 2012; Mirkin, 2001). DNA transactions in prokaryotes and eukaryotes require DNA
to be unwound allowing the readout of DNA recognition sequences by proteins (Freeman
and Garrard, 1992; Travers and Muskhelishvili, 2015). One possible solution is the
unhindered rotation at the free end of DNA if the other end of DNA molecule is fixed.
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Another possible solution is the introduction of DNA strand breakage to allows DNA
relaxation through the DNA strand break.

Figure 1 Structures of negative and positive DNA supercoilings (Baranello et al., 2012)

In reality, DNA molecules are generally very long and can form topological
domains. For instance, numerous bacteria, mitochondria, viruses and chloroplasts have
circular duplex molecules (Griffiths, 1999; Vologodskii, 2016). The circular DNA
structure is a canonical example of a topological domain. In the present case, the DNA
duplex is closed, obviously the circular DNA has no open end. Another example of
topological domain is found in eukaryotic DNA. Even though eukaryotic chromosomes are
linear overall, the linear structures consist of large DNA loops attached to the nuclear
matrix. In other word, eukaryotic DNAs are topologically equivalent to circular DNAs
(Dixon et al., 2012; Gilbert and Allan, 2014; Roca, 2011a). Thus, topological domains and
the very large size of DNA molecules make the free ends rotation impossible for relaxation
of the DNA duplex.
Another problem is that the DNA topological stresses are dynamically involved in
many DNA-centered processes, including DNA replication, repair, recombination, and
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transcription (Keszthelyi et al., 2016; Liu and Wang, 1987; Postow et al., 2001; Roca,
2011a). When the tracking of molecular machinery, such as replication complexes or
transcription complexes, is moving through the DNA, the forward double helix is required
to be unwound in order to accommodate this motion. Moreover, the DNA-centered
processes can cause topological stresses by themselves. Opening up the double helix
without changing the total intertwines between strands will introduce localized topological
stress in DNA. As the replication bubble progresses along the DNA, it forces double
strands apart which builds up overwound DNA ahead and leaves intertwined daughter
strands behind (Figure 2A) (Keszthelyi et al., 2016; Schoeffler and Berger, 2008). If such
topological stress is not resolved and accumulates, replication bubble progression will be
arrested leading to DNA breaks (Tuduri et al., 2009). Replication and recombination
processes can generate knots and more complex mechanical interlocking such as catenanes
to chromosomes (Champoux, 1980). During transcription process, the DNA template is
unwound allowing transcription complex to get access to the coding strand. This also

Figure 2 Topological problems during DNA replication and transcription (Schoeffler & Berger,
2008)
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causes compensatory over-winding of DNA ahead and under-winding of DNA behind the
transcription bubble (Figure 2B) (Schoeffler and Berger, 2008). Transcription-generated
topological stress inhibits polymerase activity, thus affecting gene expression (Roca,
2011b).
The solution of resolving unfavorable topological stresses came to light with the
discovery of the first DNA topoisomerase in 1971 (Wang, 1971). Since then, a special
group of enzymes which carry out similar functions or follow similar mechanisms have
been discovered (Corbett and Berger, 2004). These enzymes introduce transient DNA
breaks and allow the single-stranded DNA or double-stranded DNA to pass through each
other to resolve the DNA topological problems. The simple and elegant chemistry of
transesterification to overcome DNA topological barriers makes DNA topoisomerases the
“true magicians” in the DNA world (Wang, 2002).
I.2 DNA TOPOISOMERASES
I.2.1 Classification of DNA topoisomerases
The DNA topoisomerases cleave single- or double- stranded DNA through the
nucleophilic attack by an active site tyrosine, conserved in all topoisomerases, to the
phosphodiester backbone, creating a covalent phosphotyrosyl linkage with DNA (Figure
3). Depending on how many strands are cleaved during catalytic reactions, topoisomerases
are classified into two types: type I topoisomerase which cleaves single strand at a time,
type II topoisomerase which cleaves double strands at a time (Champoux, 2001; Wang,
2002). Subfamilies of these two types of enzymes are further divided into type IA, type IB,
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type IC, type IIA and type IIB, based on their structural and mechanistic similarities (Table
1).

Figure 3 Catalysis of DNA transient breakage by DNA topoisomerases (Wang, 2002)

Subfamilies

Representative members

Type IA

Bacterial and archael DNA topoisomerase I and III,
Yeast DNA topoisomerase III,
Mammalian DNA topoisomerase IIIα and IIIβ.

Type IB

Eukaryotic DNA topoisomerase I,
Mammalian mitochondrial DNA topoisomerase I,
Poxvirus topoisomerase.

Type IC

Methanopyrus topoisomerase V (archael)

Type IIA

Bacterial gyrase and DNA topoisomerase IV,
Phage T4 DNA topoisomerase,
Yeast DNA topoisomerase II,
Mammalian DNA topoisomerase IIα and IIβ.

Type IIB

Sulfolobus shibatae DNA topoisomerase VI

Table 1 The subfamilies and representative members of DNA topoisomerases
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Type IA topoisomerase, first discovered by Wang in 1970s, could relax negatively
supercoiled DNA by cleaving a single strand of DNA, forming a covalent complex at the
5’-end and passing another strand of DNA in an ATP-independent manner (Figure 4A).
Type IA includes bacterial and archaeal topoisomerase I and topoisomerase III, yeast
topoisomerase III and mammalian DNA topoisomerase IIIα and IIIβ. Type IB, discovered
by Champoux and Dulbecco, could relax both positive and negative supercoils by cleaving
single strand of DNA, forming a covalent comlex at the 3’-end (Figure 4B) (Champoux
and Dulbecco, 1972). Type IB includes eukaryotic topoisomerase I, mammalian
mitochondrial DNA topoisomerase I and poxvirus topoisomerase (Corbett and Berger,
2004). Type IC is functionally similar to type IB in that the enzyme is covalently linked at
the 3’ end of DNA and relaxes both positive and negative supercoils. Type IC only consists
of Methanopyrus topoisomerase V in archaea (Gadelle et al., 2003).

Figure 4 Catalytic mechanisms of topoisomerases (Pommier, 2013)
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Type IIA topoisomerase, discovered by Gellert, transports one double strand DNA
through another in an ATP-dependent manner (Figure 4C) (Gellert et al., 1976). Type IIA
includes bacterial gyrase, bacterial topoisomerase IV, viral and bacteriophage
topoisomerase II, eukaryotic topoisomerase II. Topo II and topo IV both relax negative and
positive supercoils, but topo IV can catalyze the relaxation of positive supercoils with
higher efficiency. Gyrase can relax positive supercoils and can also introduce negative
supercoils. Type IIB topoisomerase, discovered by Bergerat, shares a structure similarity
with type IIA topoisomerase in the catalytic domains (Bergerat et al., 1994). Type IIB
enzymes are present in most archaea and higher plants (Corbett and Berger, 2003; Hartung
and Puchta, 2001). Only topo VI belongs to this subfamily, which shares a similar catalytic
profile with type IIA but with distinct sequence and overall structure from other
topoisomerases (Nichols et al., 1999). Both type IIA and IIB topoisomerases form covalent
linkage to the cleaved DNA at its 5’ end and require ATP and Mg2+ for activity.
I.2.2 Functions of DNA topoisomerases
In DNA replication, the roles of topoisomerases are well understood.
Topoisomerases have been reported to play important roles in the following three
replication phases: replication initiation, replication elongation, and replication termination
(Vos et al., 2011). The replication initiation starts by opening of a short region at replication
origins. In E. coli, negative supercoiling at the start site is required, the localized negative
supercoiling is regulated by the opposite effects of DNA gyrase and topo IA (Kaguni and
Kornberg, 1984). Moreover, topoisomerase I is involved in preventing erroneous initiation
on R loops (Drolet et al., 1995). Similar function has been found in eukaryotes as well that
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Topo I is required to resolve R loop with RNase H at the replication origin (Stuckey et al.,
2015). Replication fork progression leads to the accumulation of positive supercoiling
ahead. In bacteria, the accumulated positive supercoils ahead can be resolved by DNA
gyrase and topo IV. Replication elongation also leads to the formation of intertwined DNA
strands behind. The intertwining of DNA duplex, also termed as precatenane in bacteria,
will cause abnormal DNA segregation if left unresolved (Peter et al., 1998). Type II
topoisomerases play an important part in resolving such topological linkages (Figure 5)
(Baxter and Diffley, 2008; Holm et al., 1985). Topoisomerases have also been discovered
to play a part in replication termination. In E. coli, type IA topoisomerase coordinates with
terminus site-binding protein (Tus) to block the progression of the replicative helicase
DnaB (Valjavec-Gratian et al., 2005).

Figure 5 Topoisomerase functions during DNA replication (Vos et al., 2011)

Similar to DNA replication, transcription introduces DNA topological stress.
Progression of transcription bubble generates positive supercoils ahead and negative
supercoils in its wake (Drolet et al., 1994). These unfavorable supercoiling can cause
improper gene expression if left unresolved. Eukaryotic type IB and bacterial type IIA are
responsible for relaxation of positive supercoils ahead of transcription bubble. Type IA and
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type IB are involved in removal of negative supercoils (Figure 6) (Schoeffler and Berger,
2008). At the transcription bubble, longer nascent RNA might hybridize with its template
DNA strand, thus leaving the non-templated strand single stranded. This three-stranded
structure can lead to deleterious outcome on genome integrity. Topoisomerase I helps to
repress transcription-mediated R-loop formation in bacteria (Usongo and Drolet, 2014).

Figure 6 Topoisomerase functions during DNA transcription (Vos et al., 2011)

Another important function of topoisomerases is that these enzymes are important
in the formation and management of double-stranded DNA breaks in meiotic
recombination and DNA repair. During meiotic recombination, SPO11, homologue of topo
VI, cleaves double-stranded DNA allowing strand passage for homologous recombination
(Fukuda et al., 2008).

Evidence suggested the participation of topoisomerase in

recombination repair that participation of type IA in homologous recombination:
topoisomerase breaks up double Holliday junction and may help recruit other homologous
recombination proteins to the DNA breakage (Cejka et al., 2010; Harmon et al., 2003).
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I.2.3 Structure and mechanism of E. coli type IA topoisomerases
At least one type IA topoisomerase exists in each bacterial species (Forterre et al.,
2007). Type IA topoisomerases are able to relax negative supercoiled DNA efficiently. E.
coli type IA topoisomerases includes two well-studied enzymes: E. coli topoisomerase I
and E. coli topoisomerase III. All type IA topos share a padlock structure in shape, with a
cavity in the center surrounded by four major domains (Lima et al., 1994; Mondragon and
DiGate, 1999). Domain I contains Rossmann-like TOPRIM fold, a parallel, four- or fivestranded β sheet sandwiched by α helices. A cluster of three acidic residues located in
domains I is responsible for the binding of Mg (II) which is required for DNA religation
(Zhu and Tse-Dinh, 2000). Domain II consists of an all-β fold arching over other domains,
forming the central cavity. The active site tyrosine is located in the WHD fold in domain
III. The active tyrosine in domain III is responsible for the G-strand breakage reaction.
Domain IV, together with Domain I, III, forms a positively charged binding groove for Gstrand DNA. During relaxation, the cleaved 5’ end of DNA is covalently linked to the
active site tyrosine, and the 3’ end of DNA is bound non-covalently to domain IV. The
interface of these three domains controls DNA access into the enzyme active site. The
conserved catalytic core for type IA topoisomerase is formed by four major domains
(domain I-VI) in the N-terminal region, referred to as the “topofold” (Figure 7B). The Cterminal region of type IA topos is less conserved. For instance, E. coli topoisomerase I
has a 4-Cys zinc ribbon domain and zinc ribbon-like domain for T-strand DNA binding,
assisting the single-strand DNA movement for full catalytic activity (discussed later)
(Ahumada and Tse-Dinh, 1998, 2002; Tan et al., 2015; Zhu and Tse-Dinh, 1994). E. coli
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topo III contains the decatenation loop at the edge of central cavity, but it lacks the zinc
binding domain (Figure 7A) (Li et al., 2000).

Figure 7 Organization and structure of type IA topoisomerases (Schoeffler and Berger, 2008, Tan et
al., 2015)
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Type IA topoisomerases is proposed to catalyze DNA relaxation through an
enzyme-bridged strand passage mechanism (Figure 8). The active site tyrosine is located
at the interface of domain I and domain III. With the help from domain II and domain IV,
the catalytic center opens and closes the G-segment DNA upon binding. During the
catalysis, two conformations of the enzyme are involved: an open conformation and a
closed conformation. First, the G-strand DNA binds to the enzyme (Figure 8, step 1). The
binding of G-strand activates domain III of the enzyme. Domain III undergoes a
conformational change allowing the active site tyrosine located in domain II to cleaves the
G-strand to form a covalent 5’ phosphotyrosyl bond with the DNA, while the 3’ end of the
G-strand is bound to domain IV (Figure 8, step 2). After cleavage, domain III with the
DNA strand covalently bound on it is moved away from domain I and domain IV to form
a DNA gap for the T-strand DNA to pass through. The hinge domain in domain II and
domain III may contribute to the conformational change (Figure 8, step 3). Once the Tstrand is moved through the DNA gap, the protein gate is closed and the DNA gap is
religated (Figure 8, step 4 and step 5). The enzyme must undergo another conformational
change to release the relaxed DNA (Figure 8, step 6 and step 7). After the relaxation is
complete, the enzyme can carry out another round of relaxation with the same or new DNA
substrate (Viard and de la Tour, 2007).

12

Figure 8 Enzyme-bridged strand passage mechanism of type IA topoisomerase (Viard and de la
Tour, 2007)

Even though some of the overlapping functions of topoisomerase I and III have
been mentioned previously, the two type IA topoisomerases appear to be optimized to have
their own specific functions. Indeed, topoisomerase I is an essential enzyme for bacterial
survival and is very efficient in relaxing negative supercoiling. While topoisomerase III is
more efficient for decatenating the precatenanes generated behind the replication bubble
than relaxing negative supercoiling (DiGate and Marians, 1988; Hiasa et al., 1994)
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I.2.4 The significance of studying E. coli topoisomerase I
Studying E. coli topoisomerase I is significant in three aspects. First of all, it will
help to elucidate the systematic regulation on DNA topology and gene expression under
various conditions. E. coli topoisomerase I was first discovered capable of relaxing
supercoils. The enzyme is essential for DNA supercoiling regulation. The relaxation action
of topoisomerase I and supercoiling action of DNA gyrase are the two major determinants
in maintaining the balance of global DNA supercoiling. Any mutation of topoisomerase I
altering the proper relaxation activity leads to growth defects. The growth defect caused by
topoisomerase I mutations that reduces its activity can be compensated by introducing
another mutation on DNA gyrase (DiNardo et al., 1982; Pruss et al., 1982). Secondly,
studying E. coli topoisomerase I may help the investigations of other type IA
topoisomerases. Sequence analysis and crystal structures of type IA topoisomerases
revealed that all type IA topoisomerases share the common topofold structure formed by
several conserved domains. The active site structure for DNA cleavage and rejoining is
evolutionarily conserved (Baker et al., 2009). The zinc ribbon domain found in E. coli
topoisomerase I is also present in human type IA topoisomerases TOP3α and TOP3β, that
play a role in preventing genomic instability (Seki et al., 2006). Finally, studying E. coli
topoisomerase I will contribute to drug discovery efforts aiming to identify new
antibacterial compounds targeting bacterial topoisomerase I. Human type IB
topoisomerase, type IIA topoisomerase and bacterial type IIA topoisomerase are welldeveloped drug targets for anticancer and antibacterial drugs (Drlica and Malik, 2003;
Giles and Sharma, 2005; Pommier, 2006). Bacterial topoisomerase I is a potential target
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for new antibacterial drugs because of the existence of the enzyme in all bacterial species
(Tse-Dinh, 2009). Inhibitors that trap the bacterial topoisomerase I covalent complex
should be bactericidal. So far, the emergence of “superbugs” that are resistant to all
currently available antibiotics presents an urgent need for discovery of new antibacterial
compounds. Elucidating the function and regulation of E. coli topoisomerase I will
potentially contribute to the drug discovery targeting topoisomerase I to fight against the
global public health threats of antibiotics resistance.
I.2.5 E. coli Topoisomerase I is acetylated
Proteomics studies have revealed multiple lysine sites on E. coli topoisomerase I as
targets of lysine acetylation (Yu et al., 2008; Zhang et al., 2009a). Moreover, the proteome
microarray assay identified a strong interaction between a deacetylase and E. coli
topoisomerase I suggesting the importance of regulation of lysine acetylation in E. coli
topoisomerase I (Liu et al., 2014). Similarly, eukaryotic topoisomerases have been found
to be post-translationally modified by acetylation (Choudhary et al., 2009),
phosphorylation (Wells et al., 1994), sumoylation (Mao et al., 2000) and ubiquitylation
(Mao et al., 2001) that can alter the protein activity and localization.
I.3 POST-TRANSLATIONAL MODIFICATION
I.3.1 Overview of post-translational modification
Living cells are constantly exposed to external stimuli and consequently have to
develop strategies to rapidly respond to environment. Multiple levels of regulation are used
by cells for survival including regulating gene expression and protein post-translational
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modification. Compared to the relatively slow regulation of gene expression level and
translational level, posttranslational modification (PTM) of proteins is very quick and is
considered to be the major mechanism of regulation. Currently, 481 PTMs have been listed
in the Uniprot database broadly distributed in eukaryotes, prokaryotes and archaea (The
UniProt Consortium, 2017). Examples of PTMs include phosphorylation, acetylation,
ubiquitination, glycosylation, lipidation, methylation, proteolysis and others. These
modifications diversify and extend protein functions beyond gene expression. ‘Mod-form
distribution’ of PTM was introduced to describe the state that one protein can be altered by
multiple PTMs at multiple sites eliciting distinct biological output. Therefore, complex
biological processes can be orchestrated dynamically in response to the environment at the
system level (Cain et al., 2014; Prabakaran et al., 2012). The PTM of proteins generate a
multitude of modification of protein properties, including altering the protein structure,
protein complex assembly, protein functional activity, interactions with other biomolecules
and cellular localization. These modifications are crucial regulators of cellular physiology
in many cellular processes such as signaling cascades, gene transcription, cell division and
metabolism (Knorre et al., 2009). Defects in PTMs can cause various developmental
disorders and human diseases (Karve and Cheema, 2011).
I.3.2. Acetylation
One of the most abundant posttranslational modification is lysine acetylation. The
modification take place either at the ε-amino group of internal lysine residues, or at the αamino group at the N-terminus of a protein (Figure 9). The direct effect of acetylation is
that the removal of the positive charge of the amino acid would cause a redistribution of
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the overall charge in a protein, also it would change the local hydrophobicity and steric
effects of the side chain of the modified amino acid.

Figure 9 Schematic of Nε- and Nα-acetylation (Hentchel and Escalante-Semerena, 2015)

I.3.2.1 Nα-acetylation
N-terminal acetylation, namely Nα-acetylation, refers to the addition of an acetyl
group from acetyl donor to the α-amino group of N-terminus of a protein. Based on
spatiotemporal occurrence, Nα-acetylation is divided into co-translational acetylation or
post-translational acetylation (Varland et al., 2015). About 80%-90% of human proteins
and about 50%-60% of yeast proteins are co-translationally acetylated on the Nα-terminus
(Arnesen et al., 2009). Nα-acetylation can occur on N-terminal starting methionine residues,
or on newly exposed N-terminal amino acid residues in ribosomes (Aksnes et al., 2015).
Recently, growing evidence has shown that Nα-acetylation occurs post-translationally on
several proteins (Helsens et al., 2011; Van Damme et al., 2011), suggesting its role in a
more complex system. Nα-acetylation is considered irreversible, and requires N-terminal
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acetyltransferases (NATs) to bind the acetyl donor acetyl coenzyme A (acCoA), then
transfer acetyl group to the protein N-terminus to be modified. The NAT family of
acetyltransferases belongs to the GNAT superfamily (Gcn5-related N-acetyltransferases)
sharing conserved sequence motifs of Q/RxxGxG/A in the acetyl-CoA binding sites
(Aksnes et al., 2015). So far, six subtypes (NatA to NatF) of NAT family have been
identified in mammalian cells, and five subtypes have been found in yeast (NatA to NatE).
These subtypes have distinct substrate specificities. The NatA enzyme acetylates Nterminal Ser/Ala/Thr/Gly/Val/Cys following the cleavage of methionine. All other Nat
subtypes acetylate N-terminal methionine. Their substrate specificities are determined by
the subsequent amino acid. NatB acetylates N-terminal methionine which is followed by
Asp/Glu/Asn (Met-Asp/Glu/Asn). NatC acetylates N-terminal Met-Ile/Leu/ Phe/Trp. NatD
acetylates histone H2A and H4. NatE and NatF, sharing overlapping substrate specificities
with NatC, can potentially acetylate N-terminal Met-Met/Tyr/Lys. Overall, Nα-acetylation
is highly common in eukaryotes but very rare in bacteria. Few NAT acetyltransferases have
been found in E. coli, namely RimJ, RimI, and RimL, which can only acetylate a small
number of ribosomal proteins (Charbaut et al., 2002; Gordiyenko et al., 2008).
Although Nα-acetylation has been discovered many years ago, the functional roles
of N-terminal acetylation emerged only recently. Nα-acetylation blocks further ionization
and other modifications through neutralization of the positive charge of the free α-amino
group. N-terminal acetylation plays important roles in several cellular processes. Nterminal acetylation is related to the N-end rule pathway to decrease protein stability and
cause degradation (Giglione et al., 2003; Shemorry et al., 2013; Varshavsky, 2011). One
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the one hand, Nα-acetylation may protect protein from proteasomal degradation or inhibit
signaling events mediated by ubiquitylation. It marks proteins for certain ubiquitin ligase
recognition which causes subsequent degradation (Scaglione et al., 2013; Tatham et al.,
2013). In addition, N-terminal acetylation is associated with protein subcellular location in
cytoplasm, protein complex formation and protein folding (Aksnes et al., 2015).
I.3.2.2 Nε-acetylation
Nε-acetylation was first reported on histone about fifty years ago. Actually, it was
first described by Allfrey and his colleague as acetylation on N-terminal amino acid
(Allfrey et al., 1964; Allfrey and Mirsky, 1964). Later, it was discovered to be the
acetylation on ε-amino group of a lysine residue (Gershey et al., 1968). Since then,
intensive research has discovered various Nε-lysine acetylated proteins and associated
functions from mammals to bacteria. In contrast to Nα-acetylation, Nε-lysine acetylation is
a reversible process, which makes it important for cells to switch on/off certain cellular
pathway. In eukaryotes, lysine acetylation is regulated by lysine acetyltransferases (KATs),
lysine deacetylase (KDACs), and acetyl-lysine binding proteins. KATs catalyze the

Figure 10 Acetylation mechanism of KATs (Hentchel and Escalante-Semerena, 2015)
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deprotonation reaction of the target lysine residue and promotes the nucleophilic attack on
the carbonyl carbon of acetyl-CoA (Figure 10). Up to twenty KATs have been identified
so far in human carrying out acetylation with specific targets. Lysine deacetylases (KDACs)
also named as histone deacetylases (HDACs) are mechanistically divided into two groups:
Zn2+ dependent HDACs, and NAD+ dependent sirtuins, the later one is also found in
bacteria. The Zn2+ dependent HDACs use histidine residue coordinated with the Zn (II) ion
to activate a water molecule that triggers a nucleophilic attack on a carbonyl group of the
acetyl-lysine (Figure 11A). The NAD+ dependent sirtuins catalyzed deacetylation requires
the binding of NAD+ to the catalytic site followed by ADP-ribosylation and inversion of
the configuration (Figure 11B) (Hentchel and Escalante-Semerena, 2015). Besides KATs

Figure 11 Deacetylation mechanisms of Zn2+ dependent HDACs and NAD+ dependent
sirtuins (Hentchel and Escalante-Semerena, 2015)
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mediated enzymatic acetylation, some mitochondrial proteins are nonenzymatically
acetylated by acetyl-CoA, which is favored by high pH and high Ac-CoA concentration in
mitochondria (Hosp et al., 2017; Wagner and Payne, 2013).
Generally, lysine is located on the hydrophilic surface of proteins. The positive
charge of the ε-amino group on the lysine side chain contributes to protein stability and
protein interactions through the formation of salt bridges and hydrogen bonds (Kang et al.,
2016; Sokalingam et al., 2012). Thus, removal of the positive charge of lysine by
acetylation will change protein structure and protein interactions with other biomolecules
(Figure 12). In eukaryotes, lysine acetylation is best known for its role in epigenetic
regulation of gene expression. Site-specific acetylation on histone interferes with histoneDNA and histone-histone interactions thereby disrupting histone assembly, nucleosomes
formation and the folding of nucleosomes into higher-order chromatin (Eberharter and
Becker, 2002; Tessarz and Kouzarides, 2014). Besides, acetylation promotes histone

Figure 12 Functional consequences of lysine acetylation (Park et al., 2015)
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interaction with transcription factors (Harbison et al., 2004). Acetylation on some lysine
residues of histone is required for the binding of transcription factors and bromodomaincontaining proteins, which are part of large complexes that modulate chromatin
architecture (Filippakopoulos and Knapp, 2014; Owen et al., 2000). Cytoskeletal proteins
are another crucial family acetylated by KATs. Acetylation on monomeric G-actin protein
increases the stability of microfilamentous F-actin and decreases restructuring of F-actin
(Zencheck et al., 2012). Acetylation on cortactin protein abolishes the binding of cortactin
to F- actin, thus directly influences cell motility (Zhang et al., 2007; Zhang et al., 2009b).
Lysine acetylation also plays an important role in p53 activation and interactions. Tumor
suppressor p53 is the first discovered non-histone KAT substrate. Although the p53 protein
is modified by several types of PTM, acetylation regulates p53 activation and subcellular
localization through altering the interaction of p53 with its target proteins (Gu and Roeder,
1997; Tang et al., 2008). Acetylation is enriched in mitochondria proteins, presumably
linked with high turnover of acetyl-CoA in mitochondrial compartment. Enzymatic
acetylation by mitochondrial KATs and non-enzymatic acetylation favored by the pH of in
actively respiring mitochondria play important roles in regulating mitochondrial protein
functions and thus affecting metabolism (Drazic et al., 2016; Hosp et al., 2017). The high
abundance of lysine acetylation in mitochondrial proteins implies the possible widespread
existence of the modification in prokaryotes, given the evolutionary lineage of eukaryotic
mitochondria from bacteria (Gray et al., 1999).
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I.3.3 Discovery of Nε-acetylation in bacteria
Lysine acetylation has been well-known for its role in eukaryotes for many years.
The observation of lysine acetylation has been expanded since year 2000 to bacteria with
two lysine-acetylated proteins investigated, acetyl-CoA synthetase (Acs) (Starai et al.,
2002) and chemotaxis protein CheY (Ramakrishnan et al., 1998). Since then, large-scale
and high-throughput proteomics advances have identified a large number of putative
acetylated proteins and acetylated lysine sites. Currently, bacterial acetylomes have been
investigated in different bacteria species including Escherichia coli, Salmonella enterica,
Bacillus subtilis, Pseudomonas aeruginosa, Rhodopseudomonas palustris, Erwinia
amylovora,

Vibrio

parahemolyticus,

Mycobacterium

tuberculosis,

Mycoplasma

pneumoniae, Thermus thermophiles, Cyanobacterium synechocystis, Staphylococcus
aureus, Streptomyces roseosporus, Leptospira interrogans, Geobacillus kaustophilus and
Saccharopolyspora erythraea. These proteomic profiles suggested the diversity, the
frequency and the physiological significance of protein acetylation in prokaryotes (Bernal
et al., 2014; Ouidir et al., 2016). The immunoaffinity approach represents the most
commonly used approach to identify acetylated lysine targets. This methodology is mainly
consisted by four steps (Figure 13): (i) the protein lysate is digested by trypsin; (ii) tryptic
peptides are subjected to affinity purification with immobilized anti-acetyllysine antibody;
(iii) the isolated and enriched lysine-acetylated peptides are analyzed by nanoHPLC/MS/MS; (iv) peptide candidates are interpreted using specific software. The general
goal of the global proteomic analysis is (i) to determine the spectrum of lysine acetylation
targets; (ii) to identify lysine acetylation sites and provide cue of candidate proteins for
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future studies; (iii) to define biological processes potentially affected by lysine acetylation
(Ouidir et al., 2016).

Figure 13 The analytical strategy and method for global profiling of lysine acetylation
(Zhang et al., 2013a)

Protein acetylation profiling in E. coli was first characterized by Yu and his
colleague in 2008 (Yu et al., 2008). They grew E. coli K-12 wild-type stain W3110 in
nutrient rich Lysogeny broth (LB) medium to the mid-exponential phase (mid-EP) and
stationary phase (SP), and harvested by centrifugation with the addition of 50mM
nicotinamide (NAM) to the culture. The SP culture was re-inoculated and cultivated in
fresh LB medium, then harvested with NAM to inhibit deacetylases. Cellular proteins were
subjected to tryptic digestion after cell lysis. The tryptic digestion allows the mass
spectrometry analysis of acetylated-lysine sites at the peptide level, which will make the
analysis effectively easier because the digestion exposes lysine residues buried inside and
reduces non-specific interactions. The immunoaffinity enrichment using an anti24

acetyllysine antibody together with nano HPLC/MS/MS was used to analyze lysineacetylated peptides. Overall, this study identified 125 acetylated-lysine sites on 85 E. coli
proteins, and acetylation of most lysine sites was growth phase dependent. Fifteen
acetylated-lysine sites were found in both exponential and stationary phases, with 29 sites
specific in exponential phase, and 82 sites were specific in stationary phase. The functional
classification of the 85 acetylated proteins suggested the possible physiological
significance of protein acetylation in diverse cellular functions. Most acetylated proteins
were involved in protein synthesis, carbohydrate metabolism, nucleotide biosynthesis,
amino acid biosynthesis, TCA cycle, transcription and cellular constituent. Other cellular
functions included chaperone, detoxification, energy metabolism and fatty acid
metabolism. This in-depth proteomic work and several following proteomics studies have
emerged systematic analysis of protein acetylation in E. coli.
Zhang and his colleagues grew E. coil DH5 strain in LB medium to exponential
phase (Zhang et al., 2009a). In addition to the immunoaffinity method described earlier,
the combination of monoclonal and polyclonal anti-acetyllysine antibodies was used to
improve the detection limit. One hundred and thirty-eight acetylation sites in 91 proteins
were identified, among which 53% acetylated proteins were involved in metabolism, 22%
were involved in translation. Others functions affected by acetylation included chaperones,
stress response and transcription. The analysis confirmed the involvement of protein
acetylation in diverse cellular functions reported previously (Yu et al., 2008).
A comprehensive profiling of protein acetylation in E. coli was reported later using
a combined approach of immunoaffinity (Zhang et al., 2013a). The highly powerful and

25

sensitive approach allowed mapping of the acetylome with more details. The detection
range of acetylated lysine sites and acetylated proteins was significantly expanded, 1070
acetylated lysine sites in 349 acetylated proteins were identified. The characterization of
acetylated proteins was not only based on biological processes, also from examination of
cell components and molecular functions. It confirmed the findings in previous proteomic
studies that most acetylated proteins were involved in metabolism, translation and
transcription (up to 72% of total acetylated proteins). According to the gene ontology
annotation, it was revealed that the majority of acetylated proteins were located in the
cytoplasm, ribosome and membrane (about 86%). Moreover, most of acetylated proteins
were associated with biomolecule bindings and structural constituents of ribosome
suggesting the potential association in protein function regulations.
Few studies have been done on the quantification aspect of lysine acetylated
substrates. Stable isotope labeling with amino acids in cell culture (SILAC) was used to
reveal changes of lysine acetylation abundance in E. coli (Figure 14). Weinert and his
coworkers was first suggested the existence of acetyl-phosphate mediated nonenzymatic
lysine acetylation in bacteria (Weinert et al., 2013). They have identified more than 8000
acetylation sites, and most acetylation accumulated in growth arrested cells affected by the
level of intracellular acetyl-phosphate formed through glycolysis or acetate assimilation.
Furthermore, they mentioned a subset of acetylation sites was deacetylase CobB regulated.
To provide more details about the impact of deacetylase CobB on E. coli acetylome, serial
dilution of SILAC-labeled peptides method was used for the accurate quantification of
acetylation at 3,669 unique sites peptides (Weinert et al., 2017). The SILAC method
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provided a detailed view of acetylation stoichiometry confirming that deacetylase CobB
suppresses acetylation. Another publication also determined the stoichiometry of lysine
acetylation in E. coli. Chemical acetylation with isotopic acetic anhydride was used to
quantify 2,206 peptides, and a wide distribution of acetyl stoichiometry from 1% up to 98%
was observed (Baeza et al., 2014).

Figure 14 Workflow of SILAC (Demmers, 2015)

27

I.3.4 Functional consequences of bacterial protein acetylation
Before the global proteomic studies of the bacterial acetylome, acetylation of
acetyl-CoA synthetase (Starai et al., 2002) and chemotaxis response regulator CheY
(Ramakrishnan et al., 1998) were shown to regulate acetate metabolism and chemotaxis.
Acetyl-CoA synthetase (Acs), responsible for acetyl-CoA synthesis, is essential in acetate
assimilation pathway (Wolfe, 2005). The activity of Acs in S. enterica is regulated by
acetylation-deacetylation (Starai et al., 2002). Acetylation of the active lysine in Acs turned
off the enzyme activity, while deacetylation by a NAD+-dependent sirtuin deacetylase
CobB activated it. The inactivation effect by acetylation and the protection effect by sirtuin
deacetylase exist in various bacteria species, including E. coli, B. subtilis, R.palustris, S.
coelicolor, M. tuberculosis, M. smegmatis (Bernal et al., 2014). Interestingly, a similar
event on Acs has been observed in mitochondria. In mitochondria, acetyl-CoA synthetases
are feedback-regulated by inhibitory effect of GNAT acetylation and activating effect of
sirtuins deacetylation (Hallows et al., 2006). Since then, more bacterial enzymes were
found to be regulated by reversible acetylation. In E. coli, N-hydroxyarylamine Oacetyltransferase (NhoA) containing two acetylation sites can be deacetylated by CobB.
Introducing mutation on lysine acetylation sites reduced NhoA activity (Zhang et al.,
2013b).
As mentioned earlier, transcription factor p53 in eukaryotic cell is a target for PTM
code. Such protein targeted by PTM code also exists in bacteria. Bourret and his colleague
have investigated the role of acetylation of the response regulator CheY in E. coli
(Ramakrishnan et al., 1998). Through their work and follow-up works on CheY acetylation,
functions of CheY acetylation has been demonstrated that acetylation can fine-tune CheY
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associated chemotaxis by repressing the CheY binding and adjusting CheY activation
(Barak and Eisenbach, 2001; Fraiberg et al., 2015; Liarzi et al., 2010; Yan et al., 2008).
Acetylation, together with phosphorylation, provides dual levels of regulation on CheY
interactions with CheY kinase CheA, CheY phosphatase CheZ and the switch protein FliM
(Barak and Eisenbach, 2004; Liarzi et al., 2010). Acetylation also involved in clockwise
flagellar rotation possibly due to the effect of acetylation on protein conformation (Fraiberg
et al., 2015). Furthermore, acetylation cross-talks with other PTMs on CheY. The CheY
acetylation is closely related and co-regulated with phosphorylation (Barak and Eisenbach,
2004; Li et al., 2013), and maybe also associated with methylation-demethylation in
chemokinetic adaptation (Baron et al., 2017). The acetylation of CheY is either through
nonenzymatic acetylation using AcCoA as the acetyl donor, or through enzymatic
acetylation by Acs using AcCoA or acetate. The deacetylation of CheY is catalyzed by Acs
or by deacetylase CobB (Barak et al., 2004).
It has been well established in eukaryotes that acetylation of histones and
transcription factors regulates gene expression and other DNA centered processes. Similar
cases are also present in bacteria. As mentioned, acetylation of the M. tuberculosis nucleoid
associated protein MtHU by KAT Eis reduced DNA interaction ability and may even
change genome structure (Ghosh et al., 2016). Acetylation of RNA polymerase (RNAP) is
important for protein function. Acetylation on two lysine residues located on alpha subunit
of RNAP regulated glucose-induced cpxP transcription(Lima et al., 2011; Lima et al.,
2012). Furthermore, acetylation of DNA replication initiator protein DnaA in E. coli
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inhibited ATP binding ability, which potentially affect DNA replication initiation(Zhang
et al., 2016). Both RNAP and DnaA were deacetylated by CobB.
Acetylation also affect RNA metabolism. E. coli RNase R was acetylated by a KAT
YfiQ during exponential phase. Acetylation stabilize the interaction of RNase R with
tmRNA-SmpB complex, protecting RNase R from Lon protease degradation. While in
stationary phase, RNase R is rapidly degraded because of the lack of acetylation (Liang
and Deutscher, 2012; Liang et al., 2011). Acetylation of RNase II by YfiQ was found to
associate with slow growth rate. The RNase II acetylation affected protein binding affinity
thus reduced the protein activity (Song et al., 2016). Acetylation of RNase R and RNase II
are reversed by CobB.
Compelling evidence revealed the significant roles of acetylation in the regulation
of central metabolism. Proteomics studies revealed acetylation of a large set of metabolic
enzymes in multiple bacterial species (Hentchel and Escalante-Semerena, 2015; Ouidir et
al., 2016; Wolfe, 2016). Acetylated metabolic enzymes are involved in many pathways,
including

glycolysis,

the

tricarboxylic

acid

(TCA)

cycle,

fatty

acid

biosynthesis/degradation and the acetate kinase/ phosphotransacetylase pathway (Figure
15)
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Figure 15 schematic of the contributions of CoA and acetyl-CoA to cellular metabolism
(Hentchel and Escalante-Semerena, 2015)

Since exposure to different carbon sources alters acetylation on central metabolic
enzymes, metabolic enzymes acetylation and carbon source utilization are tightly related.
On one hand, acetylation may regulate carbon source utilization and metabolic flux. For
instance, acetylation of E. coli proteins was accumulated in stationary phase. The growth
phase dependent acetylation paralleled with glucose consumption and acetate excretion
which began upon entry into stationary phase (Schilling et al., 2015). S. enterica metabolic
enzymes were acetylated differentially in response to excess glucose or citrate (Wang et
al., 2010). It seems that acetylation controls the direction of carbon utilization pathways
under different conditions. On the other hand, acetylation depends on proper regulation of
central metabolism. Bacterial acetyltransferases use acetyl-CoA as acetyl donor, linking

31

acetylation with acetyl-CoA pools. Acetyl-CoA synthetase, which itself is subjected to
acetylation, regulates acetyl-CoA level. Therefore, it seems that fluctuations in acetyl-CoA
level affect acetylation, and the activity and stability of metabolic enzymes are regulated
by acetylation, thus feedback regulate acetyl-CoA level (Wolfe, 2016).
Acetylation has been reported to play a role in stress response. Deletion of E. coli
sirtuin deacetylase CobB increases resistance to heat stress and oxidative stress, but
decreases acid stress resistance (Castano-Cerezo et al., 2014; Ma and Wood, 2011).
Moreover, various stress-related genes are repressed by deacetylation, including genes
related to heat shock, cold shock, osmotic stress and acid resistance, and carbon
starvation (Ma and Wood, 2011).
I.3.5 Enzymatic acetylation and acetyltransferases
The conventional mechanism of lysine acetylation is the enzymatic acetylation,
which is dependent on lysine acetyltransferases (KAT) to transfer the acetyl group to the
ε-amino group of a lysine. Bacterial KATs belong to the Gcn5-related N-acetyltransferases
(GNAT) superfamily conserved in all domains of life. The first bacterial acetyltransferase
was discovered in Salmonella enterica in 2004 (Starai and Escalante-Semerena, 2004). The
acetyltransferase, named SePat, was able to carry out acylation reaction on acetyl-CoA
synthetase and propiony-CoA synthetase. The SePat protein consists of two domains
(Figure 16): an N-terminal NDP-forming AcCoA synthetase domain and a C-terminal
GNAT RimL-acetyltransferase domain. RimL is a ribosomal protein acetyltransferase with
a conserved GNAT domain (Miao et al., 2007). However, the NDP-forming AcCoA
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synthetase domain of SePat lacks the ability to produce AcCoA because the catalytic
histidine residue in this domain is replaced (Thao and Escalante-Semerena, 2011a).
In E. coli, the only well-studied KAT is YfiQ, which is homologous of SePat
characterized in S. enterica. It is possible that there are several other E. coli KATs yet to
be identified in addition to YfiQ, with consideration of the facts that inactivation of KAT

Figure 16 Domain structure of Salmonella enterica Pat (Thao and Escalante-Semerena, 2011a)

YfiQ in E. coli has very minor effect on global acetylation (Castano-Cerezo et al., 2014;
Kuhn et al., 2014; Weinert et al., 2013). The minor effect of YfiQ inactivation rises the
following possibilities: (i) there are other KATs in bacteria. The putative KATs could
belong to GNAT family, or may belong to other novel families of KATs. (ii) some
acylases may have dual functions to catalyze lysine acetylation reaction. For instance, M.
tuberculosis Eis, a GNAT family aminoglycoside acetyltransferase, was discovered to
acetylate nucleoid-associated protein MtHU (Ghosh et al., 2016). It is possible that other
acylases may potentially catalyze lysine acetylation. (iii) lysine acetylation in bacteria is
also carried out in a nonenzymatic process. A similar mechanism was found in
mitochondria that mitochondrial proteins can be nonenzymatically acetylated by acetylCoA (Baeza et al., 2015; Pougovkina et al., 2014).
Currently, attempts to identify new KATs have not been successful. Studies of
bacterial acylases for acetylation functions are currently not straight forward. New
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approaches should be developed for new KATs identification and functionality
explorations of existing acylases. However, compelling evidence has demonstrated the
existence of nonenzymatic acetylation in bacteria.
I.3.6 Nonenzymatic acetylation
In E. coli, protein acetylation can occur through the nonenzymatic process in
addition to enzymatic process. The nonenzymatic acetylation is dependent on the direct
acetyl group donation from acetyl-phosphate (acP) to the ε-amino group of a lysine. Acetyl
phosphate is a high energy intermediate of phosphotransacetylase (Pta)-acetate kinase
(AckA) pathway (Figure 17), which is also considered as a crucial signaling molecule
(Fredericks et al., 2006; Wolfe et al., 2003). A large number of lysine acetylation sites in
E. coli was found to be acetyl-phosphate regulated, while up to 10% of sites were regulated
by YfiQ. Thus, it has been proposed that the global acetylation in E. coli was largely
through nonenzymatic acetylation by acetyl-phosphate (Castano-Cerezo et al., 2014; Kuhn
et al., 2014; Weinert et al., 2013).

Figure 17 The phosphotransacetylase (Pta)-acetate kinase (AckA)
pathway (Fredericks et al., 2006)
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Acetylation is likely to be affected by surrounding neighborhood. In diverse
bacteria, acidic amino acids were enriched in the surrounding area of acetylation sites (Kim
et al., 2013; Liao et al., 2014; Okanishi et al., 2013; Xie et al., 2015; Zhang et al., 2009a).
The significant enrichment could be due to: (i) antibodies used for proteomic analysis of
modified peptides are prone to recognize acidic amino acids enriched peptide sequences;
(ii) these acidic amino acids enriched motifs may be a recognition signature for KATs; (iii)
the surrounding acidic amino acids may be part of enzymatic and/or nonenzymatic
acetylation reaction. These possibilities need further explorations. Determination of the
spacing and functions of acidic amino acids residues would further expand the
understanding of bacterial protein acetylation (Carabetta and Cristea, 2017).
I.3.7 Deacetylases
Nε-lysine acetylation is reversed by the protein deacetylase. As discussed above,
two types of deacetylases are present in eukaryotes: Zinc (II)-dependent lysine deacetylase
and NAD+-dependent sirtuin deacetylase. Both types of deacetylase are found in bacteria.
The deacetylase CobB has been the best characterized sirtuin deacetylase in many bacteria
species including E. coli, B. subtilis, S. enterica (Gardner and Escalante-Semerena, 2009;
Starai et al., 2002; Zhao et al., 2004). The deacetylation function of sirtuin deacetylase
CobB requires NAD+. Therefore, activities of sirtuinsare dependent on cellular NAD+ level,
which in turn reflect cell energy states (Hentchel and Escalante-Semerena, 2015).
Compared to sirtuin which is broadly distributed in all three domains of life, Zinc (II) dependent lysine deacetylase is less frequent. LdaA in R. palustris (Crosby et al., 2010)
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and AcuC in B. subtilis (Gardner et al., 2006) belong to the zinc dependent lysine
deacetylase.
In E. coli, sirtuin deacetylase CobB is the predominant lysine deacetylase showing
no preference for enzymatically acetylated and non-enzymatically acetylated lysines. Not
all acetylated lysine sites are CobB-regulated suggesting the existence of other protein
lysine deacetylases (AbouElfetouh et al., 2015). Recently, a novel deacetylase was
discovered in E. coli. Deacetylase YcgC uses a serine residue as the catalytic nucleophile
to remove acetyl groups from lysines and does not require Zn2+ or NAD+ like other
deacetylases. This novel family of deacetylase YcgC has distinct target substrates from
CobB (Tu et al., 2015).
OVERVIEW
Escherichia coli topoisomerase I is essential in DNA supercoiling regulation. The
relaxation action of topoisomerase I and supercoiling action of DNA gyrase maintain the
balance of DNA supercoiling. E. coli topoisomerase I has been shown to be regulated by
DNA supercoiling and the transcription of topA gene is associated with stress challenges.
Previous proteomics studies have revealed that E. coli topoisomerase I is modified by
reversible Nε-acetylation at multiple lysine residues suggesting the regulatory role of
acetylation on topoisomerase I. In view of the significant role of TopA in regulating DNA
supercoiling, studying the dynamic regulation of TopA by acetylation will help to
understand its role in DNA metabolism and other cellular processes.
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This dissertation project explores the dynamic regulation of E. coli topoisomerase
I via lysine acetylation, and further explores the physiological function of sirtuin
deacetylase CobB in the regulation of topoisomerase I acetylation. Chapter one exploresthe
effect of lysine acetylation on topoisomerase I. We showed that acetylation reduces
topoisomerase I activity in both in vivo and in vitro assays. In Chapter two, the
physiological significance of topoisomerase I acetylation has been examined.
Topoisomerase I acetylation has global effects on DNA supercoiling and growth rate, the
degree of acetylation is related to growth phases. Deacetylation of topoisomerase I by E.
coli CobB prevents such effects from excess lysine acetylation. Chapter three studies the
molecular mechanism underlying the topoisomerase I catalytic activity reduction by lysine
acetylation. We predicted that the acetylation on certain lysine residues may be of
importance. The lysine acetylation model of Lys-484 substitution suggested that
acetylation on Lys-484 may contribute to the activity reduction. Our study revealed the
first evidence for acetylation regulation of TopA catalytic activity and expression. It
provides understanding of global effects on bacteria genome via E. coli topoisomerase I
acetylation-deacetylation, and facilitates the functional study of deacetylase CobB which
contributes to fully understand the role of acetylation-deacetylation in bacteria.
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CHAPTER ONE: ACETYLATION REDUCES E. COLI TOPIOSMERASE I
CATALYTIC ACTIVITY AND THE SIRTUIN DEACETYLASE COBB
PROTECTS IT

ABSTRACT
Escherichia coli topoisomerase I (TopA), a regulator of global and local DNA
supercoiling,

is

modified

by

Nε-Lysine

acetylation.

The

NAD+-dependent

sirtuindeacetylase CobB can reverse both enzymatic and non-enzymatic lysine acetylation
modification in E. coli. Previous studies revealed the accumulated acetylation in ΔcobB
mutant. Here, we show that the absence of deacetylase CobB in a ΔcobB mutant reduces
intracellular TopA catalytic activity while elevating TopA expression and topA gene
transcripts levels. The relaxation activity of purified TopA is decreased by in vitro non
enzymatic acetyl phosphate mediated lysine acetylation. The interaction with purified
CobB protects TopA from inactivation by such non-enzymatic acetylation. These findings
demonstrate that E. coli TopA catalytic activity can be modulated by lysine acetylationdeacetylation, and the deacetylase CobB is important in the prevention of TopA
inactivation from excess lysine acetylation.
INTRODUCTION
DNA supercoiling level is highly significant for vital cellular processes. Therefore,
topoisomerases mainly responsible for DNA supercoiling regulation are required in every
organism to prevent accumulation of excessive improper supercoiling (Chen et al., 2013).
Hypernegative supercoiling has been demonstrated to cause RNA–DNA hybrid (R-loop)
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stabilization. Accumulation of R-loops inhibits DNA transcription and replication, leading
to genomic instability (Drolet, 2006; Hamperl and Cimprich, 2014; Skourti-Stathaki and
Proudfoot, 2014). Topoisomerase I encoded by the topA gene is an essential and ubiquitous
enzyme present in eukaryote, bacteria and archaea. It binds to the single-stranded DNA
region of a double helix and relaxes the negative supercoils. Topoisomerase I enzyme is
required for preventing excess negative DNA supercoiling (Masse and Drolet, 1999b).
Moreover, topoisomerase I has an important role in preventing R-loop accumulation since
R-loop formation is caused by excess negative supercoiling (Masse and Drolet, 1999a).
Extensive R-loop formation was found in the absence of topoisomerase I. The
accumulation of R-loop as a result of the absence of topoisomerase I is more severe when
RNAse H activity is depleted. The loss of topoisomerase I function may have additional
consequences other than extensive R-loop formation, as overexpression of R-loop
processing enzymes did not always suppress the lethality of topA deletion (Stockum et al.,
2012). On the other hand, the transcription of topA gene is regulated by DNA supercoiling
such that increasing of DNA negative supercoiling promotes topA transcription (Tse-Dinh,
1985). For convenience, E. coli topoisomerase I protein will be referred to TopA protein
in the following context.
Post-translational modification of TopA could be an additional mechanism for
regulation of TopA activity and DNA supercoiling. Post-translational modification is a
reversible mechanism used by cells for rapid adaptation to changes in external environment
without requiring the synthesis of new RNA and protein to fulfill the needs of adaptation
to diverse growth conditions (Cain et al., 2014; Fan et al., 2015; Su et al., 2016). Nε-Lysine
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acetylation is one of the most abundant posttranslational modifications (Choudhary et al.,
2009; Thao and Escalante-Semerena, 2011b). Recently, proteomic studies have
demonstrated the broad existence of lysine acetylation not only in eukaryotes, but also in
diverse bacterial species including E. coli (Drazic et al., 2016; Hu et al., 2010; Weinert et
al., 2013; Yu et al., 2008; Zhang et al., 2009a). In addition, compelling evidence revealed
the significant roles of Nε-Lysine acetylation in bacterial physiology for the regulation of
central metabolism enzymes, motility, and chemotaxis gene expressions and stress
resistance systems (Barak and Eisenbach, 2004; Bernal et al., 2014; Carabetta and Cristea,
2017; Castano-Cerezo et al., 2014; Wang et al., 2010). Two distinct mechanisms of lysine
acetylation have been reported in E. coli (Wolfe, 2016). The first mechanism is enzymatic
acetylation, which requires the Pka/YfiQ enzyme, a Gcn5-like acetyltransferase, or other
acetyltransferases yet to be identified, to transfer the acetyl group from acetyl-coenzyme
A (acCoA) to the ε-amino group of a lysine (Thao and Escalante-Semerena, 2011b). The
second mechanism is nonenzymatic acetylation, which is dependent on the direct acetyl
group donation from acetyl-phosphate (acP) to the ε-amino group of a lysine (Kuhn et al.,
2014; Weinert et al., 2013). Both enzymatically acetylated-lysine and nonenzymatically
acetylated-lysine modifications are reversed by the NAD+- dependent sirtuin deacetylase
CobB, a predominant lysine deacetylase in E. coli showing no preference for the two types
of acetylated lysine sites (AbouElfetouh et al., 2015).
Previous proteomic studies of protein acetylation in E. coli demonstrated that
multiple lysine residues of TopA were acetylated (Baeza et al., 2014; Kuhn et al., 2014;
Weinert et al., 2013; Weinert et al., 2017; Zhang et al., 2009a; Zhang et al., 2013a). Lysine
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acetylation of TopA was found to be sensitive to acetyl phosphate (acP) levels (Kuhn et
al., 2014; Weinert et al., 2013). Therefore, it appears that TopA lysine acetylation can
occur through the nonenzymatic acetyl phosphate dependent mechanism. The NAD+dependent sirtuin CobB deacetylase, the predominant deacetylase in E. coli, is reported to
strongly interact with TopA (Liu et al., 2014). Given the frequency of observation of TopA
acetylation and its interaction with CobB, acetylation-deacetylation may have an impact
on TopA function as well as other facets of cell physiology that can be influenced by DNA
supercoiling.
We proposed that acetylation on E. coli TopA reduces the enzyme catalytic activity,
consequently affecting cell physiology. To test this hypothesis, we utilized a ΔcobB E. coli
strain JW1106 from the Keio Collection and the parent E. coli strain BW25113 to evaluate
the in vivo effects of TopA acetylation on cellular TopA catalytic activity, TopA protein
expression and topA transcription response. The direct effect of non-enzymatic acPdependent lysine acetylation on TopA catalytic activity and the counter effect of purified
CobB lysine deacetylase on TopA catalytic activity were demonstrated with in vitro
biochemical experiments.
MATERIALS AND METHODS
Materials
The E. coli strains BW25113 [Δ(araD-araB)567 ΔlacZ4787(::rrnB-3) λ- rph-1
Δ(rhaD-rhaB)568 hsdR514], JW1106-1 [Δ(araD-araB)567 ΔlacZ4787(::rrnB-3) λΔcobB779::kan rph-1 Δ(rhaD-rhaB)568 hsdR514] were provided by the Yale Coli Genetic
Stock Center. pETOP plasmid is a derivative of pBAD/Thio (Invitrogen) expressing
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recombinant E. coli TopA (Cheng et al., 2005). The ASKA plasmid pCA24N that encodes
CobB with an N-terminal His6-tag was provided by NBRP (NIG, Japan): E. coli (Kitagawa
et al., 2005). The E. coli cobB gene was amplified using the primers: 5’TGACGATGACAAGCTCGCCCTTATGGA AAAACCAAGAGTACTCGTACTG-3’,
and 5’-GGGATAGGCTTACCTTCAAGCTCGCCG GCATGCTTCCCGCTT TTAATC3’ and ASKA plasmid pCA24NCobB as the template with Q5 High-fidelity DNA
polymerase (New England Biolabs). The PCR product was cloned into pBAD/Thio to
create plasmid pCobB using HiFi DNA assembly master mix (New England Biolabs). Cells
were cultured in Lysogeny broth (LB) with shaking at 200 rpm at 37°C. When required,
antibiotics were added at the following final concentrations: carbenicillin 50 µg/ml,
kanamycin 50 µg/ml.
Assay of TopA relaxation activity in cell lysates
Wild type and ΔcobB mutant strains were grown in LB at 37 °C with shaking until
OD600 = 0.8. Cells were pelleted by centrifugation at 4°C and lysed by lysozyme treatment
in lysis buffer (50mM NaH2PO4, 0.3 M NaCl) on ice and three freeze-thaw cycles. The
total soluble lysates were obtained as the supernatant fractions following centrifugation at
30,000 rpm at 4°C for 1h. Protein concentrations were determined using the Bradford
Protein Assay (Bio-Rad). TopA activity in cell lysates was assayed in a standard reaction
volume of 20 µl (10 mM Tris-HCl, pH 8.0, 50 mM NaCl, 0.1 mg/ml gelatin, 6 mM MgCl2,
150 ng of supercoiled pBAD/Thio plasmid DNA). Purified recombinant TopA was added
to relax the DNA substrate in control reactions. After 20 min incubation at 37°C, the
reaction was stopped by addition of 4 µl stop solution (50 mM EDTA, 50% glycerol, 0.5%
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(v/v) bromopheno blue). The DNA was electrophoresed in 0.8% agarose gel with TAE
buffer containing 1 µg/ml chloroquine. To remove chloroquine, the gel was washed by
shaking in TAE buffer for 2 h with the buffer replaced every 30 min. After the removal of
chloroquine, the gel was stained with ethidium bromide and visualized with UV light.
Western blot analysis of TopA protein in cell lysates
Total cell lysates containing 20 µg of soluble proteins in SDS gel sample buffer (2%
SDS, 62.5 mM Tris-HCl, pH 6.8) was heated at 100°C for 5 min. After separation by
electrophoresis in 10% SDS-polyacrylamide gel, the total proteins in the gel was subjected
to western blot analysis with mouse monoclonal antibody against E. coli TopA described
previously (Stewart et al., 2005). Signals were developed with ECL Plus reagents (Thermo
Scientific), and detected with C-DiGit Blot Scanner (LI-COR). Bands were quantified
using the Image Studio Digits Ver 4.0 software. P-value was calculated by one-tailed
student t test.
Quantitative polymerase chain reaction of topA mRNA
Wild type and ΔcobB cells were grown to OD600 of 0.8. Total RNA was isolated
using the Quick-RNA mini prep Kit (Zymo Research), and digested by DNase I (New
England BioLabs). The cDNA template was synthesized in 20 µl reaction from 1 µg RNA
using the iScript cDNA Synthesis Kit (Bio-Rad) and the following reaction conditions:
25°C for 5 min; 42°C for 30 min; 85°C for 5 min. RNA and cDNA concentrations were
measured using the BioPhotometer Plus (Eppendorf). The quantitative real-time
polymerase chain reaction (qPCR) products were obtained using the following primers
(Table 2). The relative level of topA and internal reference idnT, hcaT transcripts was
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quantified in 10 µl reaction (10 ng cDNA, 0.25 μM primers, 1 X SYBR Green supermix)
with the RT-PCR detection system CFX96 (Bio-Rad). PCR amplification was carried out
in triplicate using the following cycling conditions: 95°C for 30 s; followed by 40 cycles
of 95°C for 20 s; 60°C for 20 s; 72°C for 30 s. The melting curve analysis was performed
after qPCR reaction with the temperature set to rise from 65°C to 95°C. The topA
expression level was normalized to idnT or hcaT expression level as the internal reference.
Results obtained were analyzed with the CFX Manager Software (version 3.1, Bio-Rad).
P-value was calculated by one-tailed student t test.
Primer names

Primer sequences (5’-3’)

topA forward

5’-ATCTGCCGGAAAGTCCGAATCAGT-3’

topA reverse

5’-TCTGCGCATCTGCTTCCATATCCT-3’

idnT forward

5’- CATCTGTTTAGCGAAGAGGAGATGC-3’

idnT reverse

5’-ACAAACGGCGGCGATAGC-3’

hcaT forward

5’-GCTGCTCGGCTTTCTCATCC-3’

hcaT reverse

5’-CCAACCACGCAGACCAACC-3’

Table 2 Primer sequences used in qPCR analysis

Expression and Purification of recombinant E. coli TopA and CobB
Recombinant TopA was expressed and purified from LB cultures of E. coli BL21AI (Invitrogen) transformant of TopA expression clone as described previously (Narula et
al., 2011). Recombinant CobB with N-terminal polyhistidine tag was expressed from the
ASKA clone pCA24NCobB in BL21-AI by induction at 24°C with addition of 0.02%
arabinose and 1mM Isopropyl β-D-1-thiogalactopyranoside (IPTG), followed by overnight
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growth at 24°C. The CobB protein in the soluble lysates of the induced culture was purified
using a Ni Sepharose column (GE) according to published procedures (Kitagawa et al.,
2005).
In vitro non-enzymatic lysine acetylation and CobB mediated deacetylation
reactions
In the in vitro nonenzymatic acetylation reaction, 1 µg of E. coli TopA was
incubated with 2 mM and 5 mM acP at 37°C in 150 mM Tris-HCl (pH 8.0), 10% glycerol,
and 10 mM MgCl2 for 4 hours. The acetylation reaction was stopped by adding an equal
volume of 2X SDS loading buffer and then boiling for 10 min before SDS PAGE and
western blot analysis of lysine acetylation using mouse monoclonal anti-acetyllysine
antibody (Cell Signaling Technology). The TopA protein on the membrane was then
stained with Coomassie blue. For simultaneous in vitro acetylation/ deacetylation, 1 µg of
E. coli TopA was incubated with 0.2 µg CobB in 150 mM Tris-HCl (pH 8.0), 10 mM
MgCl2, 5mM acP, 0.25 mM NAD+, and 10 % glycerol for 4 hours at 37°C. To determine
the effect of acetylation on TopA catalytic activity, 2 µl of the acetylation /deacetylation
reaction was used for serial dilutions and assay of TopA relaxation activity.
Pull-down assays to study direct interaction between E. coli CobB and TopA
Purified recombinant TopA protein (5 nM) was mixed with purified N-terminal
His-tagged CobB protein (10-50 nM) in pull-down buffer (10 mM HEPES, pH 7.4, 100
mM NaCl, 0.005% v/v Tween-20) overnight at 4°C. HisPur Cobalt Agarose resin (Thermo
Fisher), pre-equilibrated in pull-down buffer, was then added to the CobB-TopA reaction
and mixed at 4°C for 2 h. After centrifugation of the reactions, the cobalt agarose resin was
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washed three times in pull-down buffer with 10 mM imidazole. The proteins bound to the
resin were eluted in SDS sample buffer by boiling for 2 min. Eluates were electrophoresed
in 10% polyacrylamide SDS gel, and TopA was detected by western blotting with
monoclonal antibodies against E. coli TopA.
RESULTS
Loss of CobB reduces cellular TopA activity while TopA expression is increased
We hypothesized that the increased lysine acetylation on TopA in the ΔcobB mutant
cell would lead to reduction in TopA catalytic activity. TopA catalytic activity in total cell
lysate of the wild-type BW25113 and the ΔcobB mutant JW1106 was compared in assay
with negatively supercoiled plasmid DNA as the substrate. The result showed that TopA
from the total lysate of the ΔcobB mutant displayed reduced catalytic activity (Figure 18,
top panel). The reaction buffer used in the Figure 18 experiments did not contain ATP so
gyrase and topoisomerase IV present in the cell lysates would not be active on the plasmid
DNA substrate under these experimental conditions. Complementation by plasmid pCobB
restored the TopA relaxation activity in the ∆cobB mutant cell lysate (Figure 18, bottom
panel). Overexpression of CobB in the wild-type cobB background did not result in higher
relaxation activity. These results suggest that lack of normal physiological levels of CobB
deacetylation activity could result in reduction of TopA catalytic activity.
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Figure 18 Relaxation assay of TopA activity in total soluble cell lysates of BW25113 (wild-type)
and JW1106 (ΔcobB) and their pCobB transformants (Zhou et al., 2017)
The indicated amount of total soluble proteins from BW25113 (wild-type) and JW1106 (ΔcobB) cultures
at OD600=0.8 were incubated with 150 ng of negatively supercoiled plasmid DNA substrate (S) at 37°C
for 20 min. DNA were electrophoresed in 0.8% agarose gel with TAE buffer containing 1 µg/ml
chloroquine at 3V/cm for 16 h. Reaction products from partial relaxation of the supercoiled plasmid
DNA substrate by increasing amounts of purified recombinant TopA are included to show the effect of
increasing TopA catalytic activity on plasmid electrophoretic mobility.
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However, an alternative possibility of the reduction of TopA activity in the ∆cobB
mutant is that the intracellular TopA protein level in the mutant strain is lower, resulting in
reduced TopA activity in total cell lysate. To determine this possibility, TopA protein level
and topA mRNA level were analyzed. TopA protein level in wild-type and ∆cobB mutant
cells was measured by western blot analysis. Total soluble lysates obtained from wild type
and ΔcobB cells were processed in parallel and the same amount of total proteins were
loaded onto an SDS-PAGE gel. To compare the relative abundance of TopA from the same
amount of total protein, equal loading of total cellular proteins based on Bradford protein
assay results was confirmed by Coomassie blue staining (Figure 19). Western blot analysis
showed that TopA protein level was significantly increased in the ΔcobB mutant,
approximately 1.6-fold higher than that in wild-type cells with P value ≤ 0.05 (P value=
0.016) (Figure 20 A, B). Measurement of topA mRNA level by quantitative PCR also
confirmed the increase in topA transcripts in the ΔcobB mutant, about 1.4-fold to 1.5-fold
increase with hcaT and idnT as internal references (Figure 21). P value with hcaT reference
gene is 0.00019, with idnT reference gene is 0.0019. hcaT and idnT are validated reference
gene invariant across different growth conditions (Peng et al., 2014; Zhou et al., 2011).
These results showed the reduction in the TopA catalytic activity in the ∆cobB cell extract
(Figure 18) was the result of a decrease in the TopA protein level. However, even with the
increased TopA expression, there is a deficiency in the TopA catalytic activity in the ΔcobB
mutant.
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Figure 19 Coomassie blue staining of total cellular proteins in cell extract of wild-type BW25113
(WT) and ΔcobB mutant JW1106 (Zhou et al., 2017)
Densitometry analysis of three bands (*) showed an average of 8% difference in intensities to confirm
equal loading of total cellular proteins. MW: molecular weight standards.
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Figure 20 TopA expression level in BW25113 (wild-type) and JW1106 (ΔcobB) strains (Zhou et
al., 2017)
(A) 20 µg total cell lysate was resolved by 10% SDS-PAGE gel, TopA protein expression level was
detected by western blot using mouse monoclonal anti TopA antibody. (B) Quantification of four
independent experiments as shown in (A). TopA expression in wild-type strain was set as 100%, the
relative TopA protein level in ΔcobB mutant strain is shown. Error bars indicate standard deviation of
relative TopA expression level in the ΔcobB mutant strain.
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Figure 21 TopA transcripts level in BW25113 (wild-type) and JW1106 (ΔcobB) strains (Zhou et
al., 2017)
Quantification of qPCR measurements of topA transcripts level from three individual experiments
normalized against either idnT or hcaT as internal references. topA transcripts level in wild-type strain
was set as 100%, the relative topA transcripts level in ΔcobB mutant strain is shown. Error bars indicate
standard deviation relative topA transcripts level in ΔcobB mutant strain.
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Acetylation by acP decreases TopA catalytic activity
To examine the effect of lysine acetylation on TopA catalytic activity directly, we
performed in vitro non-enzymatic lysine acetylation of TopA. Recombinant TopA
expressed in a cobB+ genetic background, was purified and incubated with acetyl
phosphate (acP). According to previous study, the intracellular concentration of acP in E.
coli reaches at least 3 mM, and may be as high as 4.5 mM in wild-type cells (Klein et al.,
2007). In the in vitro acetylation assay, purified TopA was incubated with 2 mM and 5 mM
acP. Increase in TopA lysine acetylation level in the presence of 2 mM and 5 mM acP was
observed by western blotting with antibodies against acetyl-lysine (Figure 22A). Assays
with negatively supercoiled plasmid DNA as the substrate showed that the relaxation
activity of TopA was reduced by approximately 4-fold following acetylation by 2mM acP
and more than 8-fold following acetylation by 5mM acP (Figure 22B). The in vitro acetyl
phosphate mediated TopA acetylation assay clearly confirmed our hypothesis that lysine
acetylation directly reduces TopA catalytic activity.
Lysine deacetylation by CobB can counter the effect of non-enzymatic lysine
acetylation on TopA catalytic activity
Lysine acetylation is a reversible post-translational modification. In a living cell,
acetylation-deacetylation can take place simultaneously at the same lysine residues. We
showed evidence that TopA relaxation activity in ΔcobB cell lysate is reduced, and
nonenzymatic acetylation of purified TopA resulted in a decrease of its catalytic activity.
Hence, the effect of CobB lysine deacetylase on TopA inactivation by acetyl phosphate
mediated acetylation was examined next. TopA was incubated with both 2 mM acP and
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purified CobB, so that acetylation and deacetylation can both take place. Notably, the
acetylation level of TopA was reduced by CobB (Figure 23A). Accordingly, as shown in
Figure 23B, the presence of CobB partially protected TopA catalytic activity from the
inhibitory effect of acP-dependent lysine acetylation. These results indicate that CobB is
important for maintaining TopA deacetylation and TopA catalytic activity. The partial
protection by CobB suggests that other deacetylases may be involved in TopA
deacetylation.

Figure 22 Acetyl phosphate mediated nonenzymatic lysine acetylation results in decrease in TopA
catalytic activity (Zhou et al., 2017).
(A) Western blot analysis of acP acetylated TopA. Purified TopA (1 µg) was incubated with 2 mM and
5 mM acP at 37°C for 4 hrs. The acetylation level of TopA was detected by western blot analysis using
anti acetyllysine antibody. TopA on the membrane was stained with Coomassie blue staining. (B)
Following incubation with and without acetyl phosphate, serial dilution of TopA (32ng, 16ng, 8ng, 4ng,
2ng) was incubated with 150ng supercoiled plasmid DNA (S) at 37°C for 30 min to assay TopA catalytic
activity.
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Figure 23 CobB deacetylation counters the effect of acetyl phosphate mediated lysine acetylation
on TopA relaxation activity (Zhou et al., 2017).
Purified E. coli TopA (1µg) and 2mM acetyl phosphate (acP) was incubated with or without CobB
(0.65:1 molar ratio to TopA) at 37°C for 4 hrs. (A) Acetylation level of TopA was compared by western
blot analysis with anti-acetyl lysine antibody. TopA protein on the nitrocellulose membrane was
visualized by Coomassie blue staining. (B) Following incubation with acP in the absence or presence of
CobB, serial dilutions of TopA (20 ng, 10 ng, 5 ng) were incubated with 150ng negatively supercoiled
plasmid DNA (S) at 37°C for 30 min to assay the TopA relaxation activity.
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TopA interacts directly with CobB in the absence of DNA
TopA has been demonstrated in a previous study to be a CobB binding protein using
a proteome microarray as well as bio-layer interferometry analysis (Liu et at.,2014). To
confirm that TopA interacts directly with CobB in the absence of DNA, purified
recombinant TopA and CobB proteins were mixed in binding buffer. HisPur Cobalt resin
was used to pulldown TopA in complex with the N-terminal His-tagged CobB. Western
blot analysis of the proteins bound to the Cobalt resin with antibodies against TopA (Figure
24A) showed that the presence of His-tagged CobB allows binding of TopA to the Cobalt
resin and co-elution with the His-CobB (Figure 24B, C). The direct interaction of TopA
and CobB further confirmed that the deacetylation reaction of TopA is mediated by CobB
through TopA and CobB interaction in the absence of DNA.
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Figure 24 Direct interaction between TopA and CobB (Zhou et al., 2017).
Purified recombinant TopA and His-tagged CobB were allowed to interact before pull-down by HisPur
Cobalt Agarose Resin. The presence of TopA in the bound proteins eluted from the Cobalt resin was
visualized by western blot analysis with anti-TopA antibodies (A). The co-eluted His-CobB was stained
by Coomassie blue following SDS PAGE (B) or silver on the transfer membrane (C).
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DISCUSSION
Bacterial DNA topoisomerase I (TopA) is involved in various essential DNAcentered processes. TopA is highly efficient for catalyzing the removal of negative DNA
supercoiling generated during rapid transcription. The utilization of different sigma factors
for transcription of topA gene and the effect of topA mutation on survival following stress
challenge in E. coli, indicate the importance of maintaining cellular TopA activity level
under different growth conditions for adaptation and survival (Qi et al., 1996, 1997;
Weinstein-Fischer et al., 2000). Transcription of topA gene is increased when the negative
supercoiling level of DNA is increased (Tse-Dinh, 1985).
The results presented in Chapter One suggest that in addition to the regulation at
the transcription level, cellular TopA activity can be significantly affected by the
posttranslational modification of lysine acetylation-deacetylation. Our results showed that
TopA activity in the total cell lysate is significantly reduced as a result of the deletion of
the cobB deacetylase gene (Figure 19), even though topA mRNA transcription level
detected by qPCR analysis is increased (Figure 21), and TopA protein expression level
detected by western blot analysis is also increased (Figure 20).
The intracellular concentration of acP in E. coli reaches at least 3 mM, and may be
as high as 4.5 mM in wild-type cells. Nonenzymatic acP-dependent acetylation is the
predominant mechanism of lysine acetylation in E. coli cells. Our results showed that
following in vitro acP-dependent acetylation, the activity of acP-acetylated TopA is
reduced, and the reduction level of TopA activity is correlated with TopA acetylation
(Figure 22). According to previous studies, CobB deacetylates both enzymatic and nonenzymatic acetylation and suppresses global acetylation to a low level (Kuhn et al., 2014;
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Weinert et al., 2013; Weinert et al., 2017). In our study, the NAD+-dependent sirtuin lysine
deacetylase CobB was incubated with TopA and acP to mimic the situation that acetylation
and deacetylation happen simultaneously in the cell. Our results showed that CobB can
partially remove the lysine modification on TopA and maintain the TopA activity at a
higher level (Figure 23). The interaction of TopA and CobB was previously revealed by a
microarray assay using bio-layer interferometry (Liu et al., 2014). Our result confirmed the
CobB and TopA interaction (Figure 24), and it was saturated at 1:50 TopA/CobB molar
ratio. The pull-down experiment of TopA and CobB interaction further confirm the
deacetylation action of CobB on TopA.
In Chapter One, our hypothesis that acetylation reduces TopA activity is confirmed.
Acetylation on TopA reduces its catalytic activity. In vivo and in vitro results demonstrated
the significance of TopA acetylation-deacetylation in regulating TopA activity and
expression. The results presented here support modulation of TopA catalytic activity via
lysine acetylation, and a physiological function of E. coli CobB in preventing TopA
inactivation from excess lysine acetylation.
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CHAPTER TWO: DEACETYLATION OF TOPOISOMERASE I IS AN
IMPORTANT PHYSIOLOGICAL FUNCTION OF E. COLI COBB

ABSTRACT
Escherichia coli topoisomerase I (TopA) is reversibly modified by Nε-Lysine
acetylation. We have previously showed that acetylation reduces TopA catalytic activity
in vitro and in vivo. However, the physiological significance of TopA acetylation is still
unknown. In this chapter, we investigated the global effect of TopA acetylation in DNA
supercoiling and cell growth rate, and the specific activity of TopA and the corresponding
degree of TopA acetylation during growth transition and growth arrest phases. In addition
to the reduction in TopA catalytic activity, we found that the absence of CobB in a ΔcobB
mutant increased negative DNA supercoiling. The slow growth phenotype of the ∆cobB
mutant can be partially compensated by further increase of intracellular TopA level via
overexpression of recombinant TopA. The specific activity of TopA expressed from Histagged fusion constructed in the chromosome was inversely proportional to the degree of
in vivo lysine acetylation during growth transition and growth arrest. These findings
demonstrated that prevention of TopA inactivation from excess lysine acetylation and
consequent increase in negative DNA supercoiling is an important physiological function
of the CobB protein deacetylase.
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INTRODUCTION
E. coli topoisomerase I (TopA), an enzyme encoded by topA gene, regulates global
and local DNA supercoiling. The level of supercoiling affects various DNA-centered
processes, including DNA replication, transcription, recombination, and transposition
(Drlica, 1992; Sobetzko, 2016; Usongo and Drolet, 2014; Wang and Harshey, 1994). DNA
supercoiling itself is constantly affected by transcription (Liu and Wang, 1987), as well as
changes in nutrient availability and growth environment (Balke et al., 1987; Cheung et al.,
2003; Goldstein et al., 1984; Hsieh et al., 1991). The homeostatic state of unconstrained
DNA supercoiling is maintained mainly by the relaxation action of TopA and the
supercoiling action of DNA gyrase (Drlica, 1992; Zechiedrich et al., 2000). Transcription
of topA is increased when DNA is more negatively supercoiled while transcription of gyrA
and gyrB is increased by DNA relaxation (Menzel and Gellert, 1983; Tse-Dinh, 1985). In
addition, topA gene has four transcriptional initiation sites corresponding to promoters Px1,
P1, P2 and P4 under the control of multiple sigma factor including σ70, σ32 and σs (Qi et al.,
1997). Sigma factors are general transcription factors that mediate transcription initiation
of all genes via reversibly binding to the σ subunit of RNA polymerase (Davis et al., 2017).
The activities of the four promoters are growth phase dependent: promoter P2 and P4 are
the major topA promoters in exponential phase, and promoter Px1 is the major promoter
during stationary phase. Promoter Px1 activity is regulated by the sigma factor σ s. Its
activity increases upon the entry of stationary phase. While the activity of promoter P4 and
P2 are regulated by σ70, and decreased in the stationary phase. P1 is a heat shock promoter
recognized by σ32, it is active during heat shock (Lesley et al., 1990). These four topA
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promoters and their associated sigma factors revealed that the transcription initiation of
topA is altered in response to changes in growth conditions (Qi et al., 1997).
The relaxation of transcription-driven negative supercoiling by TopA is important
for the response to stress challenge. After the cell is transferred to high temperature, DNA
quickly becomes more negatively supercoiled (Goldstein et al., 1984). The transcription of
topA is upregulated during the heat shock (Richmond et al., 1999). The DNA is resupercoiled by DNA gyrase, the re-supercoiling effect of gyrase is affected by the heatshock protein DnaK (Ogata et al., 1996) and the histone-like protein HU (Malik et al., 1996;
Ogata et al., 1997). The treatment with hydrogen peroxide or N-ethylmaleimide of
exponential phase and stationary phase E. coli cells both induce topA transcription, which
may account for the transient relaxation effect observed after oxidative stress treatment
(Tse-Dinh, 2000; Weinstein-Fischer et al., 2000). TopA function has been shown to be
important for survival following acid stress. Loss of TopA function sensitizes the cell to
acidic stress. topA mutant affects the σs dependent acid resistance system and the glutamate
decarboxylase (GAD) acid resistance system (Stewart et al., 2005).
TopA function is also involved in antibiotics challenges. Treatment with antibiotics
such as trimethoprim and mitomycin C induces the bacterial SOS response by causing
DNA damage (Liu et al., 2011; Da Re et al., 2009; Singh et al., 2010). SOS response is a
bacterial DNA repair system regulated by an inducer RecA and a repressor LexA (Figure
25). Under normal condition, LexA repressor protein binds to SOS promoter element called
SOS-box or LexA-box to prevent RNA polymerase binding and gene expression. When
DNA damage occurs, the activation of RecA inducer and the autocleavage of LexA
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repressor induce the SOS genes expression. Once the DNA damage is repaired, the RecA
filament is no longer pesent and LecA is resynthesized so that the SOS response is inhibited
(Andersson and Hughes, 2014; Janion, 2008). TopA function is required for transcriptional
activation of recA and dinD1 promoter during SOS response (Liu et al., 2011). RecA can
in turn stimulate TopA relaxation activity through direct interaction (Banda et al., 2016).
The bactericidal effect of antibiotics is enhanced by the accumulation of TopA-DNA
cleavage complex during SOS response (Liu et al., 2011). Moreover, TopA interactions
with RNA polymerase during induction of SOS response are likely to influence the degree
of antibiotics susceptibility (Yang et al., 2015).

Figure 25 The SOS response (Andersson and Hughes, 2014)

Previous studies demonstrated the significance of bacterial protein acetylation in
many cellular processes. Acetylation is important for cells to respond to carbon source
overflow (Schilling et al., 2015; Wang et al., 2010; Yu et al., 2008; Zhang et al., 2009a;
Zhang et al., 2013a). It adjusts the carbon source utilization pathway by regulating
metabolic enzymes (Wolfe, 2016). Acetylation also affect chemotaxis and stress responses.
Chemotaxis protein CheY has been revealed to be acetylated by in vivo and in vitro studies
(Barak and Eisenbach, 2001; Fraiberg et al., 2015; Li et al., 2010; Liarzi et al., 2010;
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Ramakrishnan et al., 1998; Yan et al., 2008). CheY acetylation shifts the direction of
flagellar rotation from counterclockwise to clockwise in response to acetate (Fraiberg et
al., 2015).
Proteomics screening identified large number of stress proteins are substrates of
lysine acetylation, including heat shock proteins, chaperones, and proteins involved in
regulation of free radical reduction (Kim et al., 2006; Zhang et al., 2009a). In the absence
of the sirtuin deacetylase CobB, the heat stress resistance and oxidative stress resistance
are decreased, while the acid stress resistance is increased (Castano-Cerezo et al., 2014;
Ma and Wood, 2011). In addition, deacetylation represses the expression of various stressrelated genes, such as genes related to heat shock, cold shock, osmotic stress and acid
resistance, and carbon starvation (Ma and Wood, 2011).
In this chapter, we proposed that TopA acetylation is of physiological significance.
To test this hypothesis, we explore the effect of TopA acetylation on DNA supercoiling
and cell growth rate. A two dimensional gel analysis was used to assay the supercoiling
level of plasmid DNA isolated from wild-type BW25113 and ∆cobB mutant JW1106
strains. The growth kinetics of the two strains were also measured in LB medium. TopA
expressed and purified from chromosome was used to establish the correlation between
degree of lysine acetylation and TopA activity during growth transition and growth arrest.
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MATERIAL AND METHODS
Materials
E. coli strains BW25113 [Δ(araD-araB)567 ΔlacZ4787(::rrnB-3) λ- rph-1 Δ(rhaDrhaB)568

hsdR514],

JW1106-1

[Δ(araD-araB)567

ΔlacZ4787(::rrnB-3)

λ-

ΔcobB779::kan rph-1 Δ(rhaD-rhaB)568 hsdR514] were purchased from the Yale Coli
Genetic Stock Center. pETOP plasmid and pCobB plasmid are derivatives of pBAD/Thio
(Invitrogen) expressing recombinant proteins. E. coli cells were cultivated in LB medium
or TB7 (10g/L tryptone, 100 mM potassium phosphate, pH 7.0) medium buffered with 0.4%
glucose.
Two-dimensional chloroquine gel analysis of DNA supercoiling
Plasmids were isolated from BW25113 or JW1106-1 transformants collected at
OD600 = 0.8 using GeneJET Plasmid Mini prep Kit (Thermo Scientific). The superhelical
density of the isolated plasmid DNA (1 µg) was compared using 2-dimensional
electrophoresis analysis in 0.8% agarose gels with TAE buffer (40mM Tris-acetate, pH 8.0,
2 mM EDTA). About 1 µg plasmid DNA mixed with DNA gel loading buffer (10%
glycerol, 10 mM EDTA, pH 8.0, 0.1% (v/v) bromophenol blue) was loaded and
electrophoresed. The first dimension gel and buffer contained 3 µg/ml chloroquine, and
electrophoresis was carried out at 3 V/cm for 16 h. The gel was soaked and equilibrated in
the running buffer containing 25 µg/ml chloroquine for at least 5 h. For the second
dimension electrophoresis, the gel was rotated 90° in the gel tank and electrophoresed at
1.5 V/cm for 20 h. To remove chloroquine, the gel was washed by shaking in TAE buffer
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for 2 h with the buffer replaced every 30 min. The gel was then stained with ethidium
bromide and visualized with UV light (AlphaImager Mini, ProteinSimple).
Growth curve analysis
Plasmid pBAD/Thio vector, plasmid pCobB and plasmid pETOP were transformed
into BW25113 or JW1106 chemically competent cells generating three sets of
transformants: BW25113 transformed with vector pBAD/Thio and JW1106 transformed
with vector pBAD/Thio; BW25113 transformed with plasmid pCobB and JW1106
transformed with plasmid pCobB; BW25113 transformed with plasmid pETOP and
JW1106 transformed with plasmid pETOP. Plasmid pBAD/Thio is a high copy number
plasmid and the CobB or TopA coding sequence cloned into the plasmid is under the
control of arabinose inducible PBad promoter (Guzman et al., 1995). To perform the growth
kinetics, fresh LB medium containing no arabinose or 0.0001% arabinose was inoculated
with overnight culture at 1:100 dilution. Cells were cultured with continuous shaking at
37°C for 20 hours to 25 hours. Optical densities at a wavelength of 600 nm were measured
at indicated time points. Growth curves were generated by Graphpad Prime 5.
Construction of strain YN1434 expressing His-tagged TopA from chromosome
E. coli strain YN1434 expressing His-tagged TopA from chromosome was
constructed in the laboratory of our collaborator Dr. Ding Jin in three steps. (i) Two DNA
fragments (I and II), which overlap 84 bp at the junction of kanR and the N-terminus of
TopA, were amplified by polymerase chain reactions (PCR) using genomic DNA from a
strain that contains a selectable KanR marker as DNA template. The primers sequences
used for making fragment I and II were listed in Table 3. Primer F1 and R1 covered the
sequences upstream of the topA gene, KanR cassette and histidine-tagged N-terminus of
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TopA. Primer F2 and R2 covered the sequences of the junction of kanR, histidine-tagged
N-terminus of TopA and additional topA. (ii) Combining the two DNA fragments I and II
as DNA template and using the F1 and R2 primers, a PCR fragment was made to cover the
sequences of the two fragments. (iii) The chromosomal topA region of the E. coli MG1655
strain (Genotype: F-, λ-, rph-1) was replaced with the long PCR DNA fragment using the
standard phage lambda Red-mediated recombination system by selection of kanR marker
(Datsenko and Wanner, 2000). The recombinants were validated by PCR assays.
Primer

Primer sequence (5’ to 3’)

names
Forward

5’-GAGCGAGTCCATATCGGTAACTCGTTGCCAGTGGAAGGTT

primer 1

TATCAACGTGGTGTAGGCGGAGCTGCTTC-3’

(F1)
Reverse

5’-CGATGACAAGAGCTTTACCCATGGATCCGTGATGGTGATGG

primer 1

TGATGCGATCCTCTCATATGAATATCCTCCTTAGTTCCTATTC-3’

(R1)
Forward

5’-

primer 2

GAATAGGAACTAAGGAGGATATTCATATGAGAGGATCGCATCA

(F2)

CCATCACATCACGGATCCATGGGTAAAGCTCTTGTCATCG-3’

Reverse

5’-CGCGGATGTGACCGACGCTGGA-3’

primer 2
(F2)
Table 3 Sequences of primers used in YN1434 strain construction
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Purification and characterization of chromosomally encoded His-tagged TopA
during growth transition and growth arrest
TB7 broth (10 g/L tryptone, 100 mM potassium phosphate, pH 7.0) supplemented
with 0.4% glucose was inoculated with overnight culture of strain YN1434 at 1:750
dilution. Cells were cultured with shaking at 37°C for 4.5 h (1.5 L of culture at OD600=0.7),
5.5 h (750 mL of culture at OD600=1.7), 24 h (500 mL of culture at OD600=1.9). His-TopA
expressed from the chromosome was purified from the cell pellets using GE Ni Sepharose
columns with the addition of the protease inhibitor PMSF (1 mM) and CobB inhibitor
nicotinamide (10 mM) to the lysis buffer. Based on Coomassie blue staining of purified
His-TopA on the SDS-PAGE gel, equal amounts of His-TopA (1 µg) purified from the
three growth stages were electrophoresed in 10% SDS PAGE gel and transferred onto
nitrocellulose membrane. The His-TopA on the membrane was stained with the MemCode
(Thermo Scientific) reversible protein stain kit before western blot analysis with antibodies
against acetylated lysine. The signals were quantified using the Image Studio Digits Ver
4.0 software.
Relaxation activities of purified chromosomally encoded His-TopA were assayed
in the 20 µl standard reaction volume (10 mM Tris-HCl, pH 8.0, 50 mM NaCl, 0.1 mg/ml
gelatin, 6 mM MgCl2, 150 ng of supercoiled pBAD/Thio plasmid DNA). After 30 min
incubation at 37°C, the reaction was stopped by addition of 4 µl stop buffer (50 mM EDTA,
50% glycerol, 0.5% (v/v) bromophenol blue). The relaxation products were
electrophoresed in 1% agarose gel with TAE buffer (40mM Tris-acetate, 2 mM EDTA)
and visualized under UV light.
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RESULTS
Loss of CobB leads to increase in DNA supercoiling
The sirtuin deacetylase CobB suppresses protein acetylation E. coli (Weinert et al.,
2013; Weinert et al., 2017). Proteomics analysis has revealed an increased acetylation in
ΔcobB cells (Weinert et al., 2013; Weinert et al., 2017). In previous chapters, we have
shown that acetylation reduced the activity of E. coli TopA. Considering the important
function of TopA in maintaining the level of DNA supercoiling, we proposed that
acetylation of TopA has an impact DNA supercoiling. To investigate the effect of lysine
acetylation on DNA supercoiling, the DNA supercoiling level of plasmids extracted from
wild-type BW25113 and ΔcobB mutant JW1106 was measured by two dimensional
chloroquine gel. Chloroquine is a DNA intercalator that relaxes negative supercoiled DNA
and introduces positive supercoils. Wild-type BW25113 and ΔcobB mutant JW1106
transformed with plasmid pBAD/Thio were grown at 37°C until OD600 reached 0.8. The
extracted DNA plasmids were electrophoresed in agarose gel in the presence of 3 µg/ml
chloroquine in the first dimension and 25 µg/ml chloroquine in the second dimension to
resolve the positively and negatively supercoiled DNA topoisomers. The expected
distributions of positive supercoiled DNA and negatively supercoiled DNA were shown in
Figure 26C. Plasmid DNA isolated from ΔcobB mutant was more negatively supercoiled
than that from wild-type cell (Figure 26A). When pCobB plasmid was introduced to the
wild-type and ΔcobB mutant, the supercoiling level of pCobB plasmid from the wild-type
and ΔcobB mutant was identical (Figure 26B). These results indicated that the loss of CobB
increases DNA negative supercoiling. The increased DNA negative supercoiling is
consistent with the reduced TopA relaxation activity shown in Chapter One (Figure 18).
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Since TopA is the major relaxation function to maintain the DNA supercoiling level,
reduction in TopA relaxation activity because of the absence of CobB would result in the
increases in DNA negative supercoiling.

Figure 26 2-Dimensional chloroquine gel analysis comparing DNA supercoiling in BW25113 (wildtype) and JW1106 (ΔcobB) mutant strains (Zhou et al., 2017)
Plasmids pBAD/Thio and pCobB were extracted from cultures at OD 600=0.8. The first dimension
electrophoresis was carried out in 0.8% agarose gel with TAE buffer containing 3 µg/ml chloroquine at
3V/cm for 16 h. The agarose gel was then rotated 90 degrees for electrophoresis in the second dimension
with 25 µg/ml chloroquine in the TAE buffer. The schematic diagram shows the expected distribution of
positively and negatively supercoiled DNA topoisomers following electrophoresis
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Overexpression of recombinant TopA partially compensates the delayed growth of
the ΔcobB mutant
The growth kinetics of wild-type BW25113 and ΔcobB mutant JW1106
transformed with pBAD/Thio plasmid was monitored continuously for 24 h in LB culture
grown with vigorous shaking at 37°C. The ΔcobB mutant strain grew much slower during
the exponential phase when compared to the wild-type strain (Figure 27A, B). The
reduction of cellular TopA catalytic activity as well as increased negative supercoiling
observed in the ΔcobB mutant might account in part for its slow growth phenotype. Plasmid
pETOP or pCobB derived from the pBAD/Thio plasmid were introduced into both strains
for growth rate analysis under the same conditions. Plasmid pETOP and pCobB are high
copy number plasmid that can overexpress recombinant TopA and CobB at the basal level
or by arabinose induction (Guzman et al., 1995). While wild-type cells with either
pBAD/Thio or pETOP displayed similar growth rates, the delayed growth of the ΔcobB
mutant was partially rescued by the presence of pETOP (Figure 27). The result indicates
that reduction of TopA activity when acetylation-deacetylation regulation is perturbed is
of physiological significance. Overexpression of recombinant CobB from the pCobB
plasmid also partially rescued the slow growth of the ΔcobB mutant (Figure 27A), with
greater degree of complementation in the presence of 0.0001% arabinose to further induce
the expression of recombinant CobB (Figure 27B).
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Figure 27 Effect of recombinant TopA overexpression on the slow-growth phenotype of the ΔcobB
mutant (Zhou et al., 2017)
(Filled circle) Wild-type BW25113 strain transformed with pBAD/Thio; (Unfilled circle) ΔcobB JW1106
strain transformed with pBAD/Thio; (Filled square) Wild-type strain transformed with pETOP for TopA
overexpression; (Unfilled square) ΔcobB mutant strain transformed with pETOP; (Filled triangle) Wildtype strain transformed with pCobB; (Unfilled triangle) ΔcobB mutant strain transformed with pCobB.
The LB medium contained no arabinose (A) or 0.0001% arabinose (B).

71

Specific activity of His-TopA expressed from the chromosome is inversely
proportional to degree of lysine acetylation during growth transition and growth
arrest
To demonstrate directly the effect of in vivo lysine acetylation on the specific
activity of TopA, we utilized E. coli strain YN1434 that expresses TopA with N-terminal
His-tag from the chromosome. Cells were collected from cultures in buffered TB7 broth
supplemented with 0.4% glucose following growth for 4.5 h (OD600=0.7), 5.5 h (OD600=1.7)
and growth arrest at 24 h (OD600=1.9). Acetyl phosphate-dependent acetylation has been
shown to occur mostly following entry into stationary phase under these experimental
conditions (Kuhn et al., 2014; Schilling et al., 2015). The His-TopA was purified with Niaffinity chromatography and analyzed for level of lysine acetylation (Figure 28A) and
specific relaxation activity using supercoiled plasmid DNA as substrate (Figure 28B). The
results showed that the level of lysine acetylation found in the purified His-TopA first
decreased as cells entered stationary phase at 5.5 h. and then increased during growth arrest
at 24 h (Figure 28A). The specific activity of the purified His-TopA was found to be
inversely proportional to the degree of lysine acetylation (Figure 28B). The His-TopA
purified from the growth arrest (GA) culture had the lowest activity (~2 fold lower than
OD600=0.7 culture, and 4-8 fold lower than OD600=1.7 culture). This further confirmed that
TopA catalytic activity can be modulated in vivo based on the degree of lysine acetylation
modification of the enzyme.
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Figure 28 Topoisomerase I specific activity is inversely proportional to degree of lysine acetylation
during growth transition and growth arrest. (Zhou et al., 2017)
(A) Western blot analysis of purified chromosomal His-TopA using monoclonal anti acetyllysine
antibody. His-TopA expressed from chromosome in YN1434 strain at exponential phase (OD600 0.7),
entry into stationary phase (OD600 1.7) and growth arrest (GA) was purified by Ni Sephorase column.
Acetylation level of 1µg purified His-TopA from OD600 0.7, OD600 1.7 and GA was detected by
western blot analysis using antibody against acetyl lysine (AcK). His-TopA on the membrane was
visualized by MemCode reversible staining. The signals of His-TopA staining was used to normalize the
acK signal for comparison of degree of lysine acetylation. (B) Serial dilution of His-TopA (50ng, 25ng,
12ng, 6ng, 3ng) was incubated with 150ng supercoiled plasmid DNA (S) at 37°C for 30 min to assay for
catalytic activity.
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DISCUSSION
In Chapter One, we have demonstrated the effect of acetylation on TopA catalytic
activity and TopA expression level. To further understand the physiological significance
of TopA acetylation, the global DNA supercoiling, growth kinetics and TopA acetylation
level were analyzed here. We extracted plasmid from wild-type BW25113 and ΔcobB
mutant JW1106, and analyzed the DNA supercoiling of the plasmids using two
dimensional chloroquine gel. The results showed that in addition to reducing TopA activity
and increasing TopA expression, acetylation on TopA has a global impact on DNA
topology. DNA supercoiling level of plasmid isolated from ΔcobB mutant is more
negatively supercoiled than that isolated from the wild-type cell (Figure 26A). Our results
also revealed the importance of CobB deacetylation in maintaining DNA supercoiling level.
When the ΔcobB mutation is complemented by pCobB, DNA supercoiling levels are
identical when both wild-type and ΔcobB mutant were introduced with plasmid pCobB
(Figure 26B). Moreover, the higher level of topA expression in the ΔcobB mutant observed
in Figure 20 is likely due to the stimulation of topA transcription (Figure 21) by the increase
in negative supercoiling in the homeostatic regulation of DNA supercoiling. Here, we
propose a simple model to explain how acetylation regulates TopA expression. The
reduction of TopA relaxation activity by acetylation increases the global DNA supercoiling,
which in turn upregulates topA gene transcription and TopA protein expression. In a
previous study of global response to loss of DNA supercoiling (Peter et al., 2004), cobB
transcription was found to be repressed by inhibition of DNA gyrase or gyrB mutation.
Based on the effect of the ∆cobB mutation on DNA supercoiling observed here, decreased
CobB activity in the presence of gyrase mutation or inhibitor may contribute to countering
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the effect of reduced gyrase supercoiling activity via reduction of TopA relaxation activity
for the homeostatic regulation of DNA supercoiling.
Lysine acetylation affects multiple cellular functions, including cell motility,
carbon source utilization central metabolism, and stress responses (Barak and Eisenbach,
2001; Castano-Cerezo et al., 2014; Ma and Wood, 2011; Schilling et al., 2015; Wang et
al., 2010). Previous proteomics studies identified a large number of acetylated proteins in
E. coli (Schilling et al., 2015; Weinert et al., 2013; Yu et al., 2008; Zhang et al., 2009a;
Zhang et al., 2013a). In this report, we observe a slow growth phenotype in entering the
exponential phase associated with the ΔcobB mutation. Nutrient should not be limiting in
the LB medium under the growth condition of the experiment. The slow growth phenotype
could potentially be due to the global effect of acetylation-deacetylation on a wide range
of E. coli proteins. Interestingly, when the ΔcobB mutant is complemented with a high
copy number plasmid expressing recombinant TopA, the slow growth phenotype is
partially reversed. This could be due to the global effect of TopA via its influence on DNA
supercoiling. TopA activity has been reported to be important for the removal of localized
transcription-driven negative supercoiling at the ribosomal operon rrnB (Masse et al.,
1997). Reduction in TopA catalytic activity as a result of the cobB deletion may lead to
hypernegative supercoiling at the highly transcribed rRNA loci as the cells exit the growth
arrest to enter the exponential phase under the culture conditions used in this study.
We further established the correlation between degree of lysine acetylation and
specific activity of topoisomerase I by purifying His-tagged TopA expressed from the
chromosome following growth transition and growth arrest. Non-enzymatic acetylation of
TopA by acetyl phosphate is expected to be highest at growth arrest following 24 h
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incubation in buffered TB7 media supplemented with glucose. Acetylation of TopA in the
growth arrest phase was accumulated to the highest level, acetylation level of TopA in
exponential phase (OD600=0.7) was lower than that in growth arrest phase (24h growth,
OD600=1.9) but higher than the level of TopA acetylation in growth transition phase
(OD600=1.7). Our results support previous studies that protein acetylation accumulates in
growth arrest phase (Weinert et al., 2013; Yu et al., 2008; Zhang et al., 2009a). Lysine
acetylation may play an important role in controlling protein functions in response to
environmental signals. Upon transferring culture in growth arrest phase into fresh medium,
most proteins were deacetylated within 2 hours (Yu et al., 2008). Here, we have observed
a similar pattern of the change in acetylation level. The TopA acetylation level decreased
during exponential phase and early stationary phase, then increased in growth arrest phase.
The corresponding relaxation activities of purified His-TopA were inversely proportional
to the degree of TopA acetylation. Further studies are needed to determine the basis for the
decrease in TopA acetylation that was observed during the initial transition from
exponential phase to stationary phase.
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CHAPTER THREE: INVESTIGATION OF MOLECULAR MECHANISM OF E.
COLI TOPOISOMERASE I ACTIVITY REDUCTION BY ACETYLATION

ABSTRACT
TopA relaxation activity is shown here to be reduced by lysine acetylation in vitro
and in vivo. Acetylation of TopA affects DNA supercoiling and cell growth rate. However,
the mechanism of TopA activity reduction by acetylation is still unknown. In this chapter,
the TopA relaxation mechanism, specifically the strand passage step, was investigated first.
Nuclease footprinting assay was used to illustrate the interaction of TopA C-terminal
domains with T-strand DNA. Crosslinking of TopA to the phenylselenyl-modified
thymidine incorporated in T-strand help to identify amino acid residues that may be
involved in strand passage. Here, we showed that TopA interacts with both G-strand and
T-strand DNA in a double chain model. The N-terminal domains of TopA interact with
the G-strand while the C-terminal domains of TopA interacts with the T-strand. Five lysine
residues are crosslinked to the modified thymidine suggesting these sites may correspond
to proximal sites for the unwound DNA strand during catalysis. Mass spectrometry analysis
of acetyl phosphate acetylated TopA identified abundant acetylated lysine residues
providing candidate lysine residues for site-directed mutagenesis. To model the effect of
lysine acetylation, selected lysine residues are mutated to alanine to mimic the effect of
positive charge removal. Our results showed that substitution of Lys-484 with alanine
reduces the relaxation activity, which may contribute to the TopA activity reduction from
acetylation observed in previous chapters.
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INTRODUCTION
E. coli topoisomerase I (TopA) is essential for removal of hypernegative
supercoiling of DNA. The crystal structure of 67 kDa N-terminal fragment of TopA
(TOP67) elucidates the amino acids residues in domains D1-D4 that are involved in the
cutting and rejoining of DNA during enzyme catalysis. TopA cleaves, shuffles and rejoins
DNA through the active site tyrosine residue at position 319 (Tyr 319) of the enzyme
(Feinberg et al., 1999; Lima et al., 1993). In the crystal structure of TOP67, Tyr 319
interacts with several residues to carry out the efficient DNA relaxation. Glu-9 present in
the TOPRIM motif (Aravind et al., 1998) interacts with 3’ oxygen of the scissile phosphate,
which is critical for DNA breakage and rejoining (Chen and Wang, 1998). The cluster of
three acid residues Asp-111, Asp-113 and Glu-115 also located in TOPRIM motif is
important for the binding of Mg (II) required for DNA relaxation (Zhu and Tse-Dinh, 2000).
His-365, located near the active site Tyr 319, participate in DNA binding and is important
for catalysis at physiological pH (Perry and Mondragon, 2002). Arg-321 interacts with the
scissile phosphate of DNA, is required for positioning of the phosphotryrosine linkage in
DNA rejoining (Chen and Wang, 1998; Narula et al., 2011). Three amino acid residues
Arg-169, Arg-173 and Tyr-177 interact with DNA upstream from the DNA cleavage site
and provide sequence selectivity of a cytosine residue at the −4 position relative to the
cleavage site (Narula and Tse-Dinh, 2012).
However, the N-terminal fragment of TopA alone cannot catalyze the relaxation of
negatively supercoiled DNA. The C-terminal domains (D5-D9) also participates in
negative supercoiling removal (Ahumada et al., 1998). Three repetitive Zinc (II) binding
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domains (D5-D7) are necessary for strand passage and has been proposed to interact with
T-strand DNA during catalysis because the deletion of these domains deactivates TopA
relaxation (Ahumada and Tse-Dinh, 1998, 2002). Overexpression of the recombinant 14
kDa C-terminal fragment (D8-D9) of TopA was toxic to the cell, probably due to the
interaction of recombinant C-terminal fragment of TopA with the β’ subunit of RNA
polymerase abolishes the physiological interaction between RNA polymerase and full
length TopA via its C-terminus domains D5-D9 (Cheng et al., 2003; Yang et al., 2015;
Zhu et al., 1995). The structure-based modeling of the TopA and RNA polymerase
interactions predicts amino acid residues Arg-609, Lys-627 and Lys-664 are involved in
the formation and the stabilization of the TopA-RNAP complex (Tiwari et al., 2016).
In previous proteomics studies, 29 lysine residues out of 70 total lysines in TopA
have been shown to form mass spectrometry detectable acetylated lysines (Figure 29).
These lysine residues are located across the entire length of TopA. Several predominant
lysine residues are identified to be acetylated in most conditions by different studies,
including Lys 144, Lys 346, Lys 484 (Weinert et al., 2013; Yu et al., 2008; Zhang et al.,
2009a; Zhang et al., 2013a). A lysine residue Lys-788 was found to have 77%
stoichiometry of acetylation (Baeza et al., 2014). Acetylation on lysine residues may have
an impact on TopA partial activities such as DNA binding, cleavage, religation, as well as
the overall catalytic activity and TopA interactions.
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Figure 29 Positions of lysine acetylation in full length TopA as complex with two bound singlestranded DNA segments based on its crystal structures (Tan et al., 2015, Lima et al., 1993)

Results described in this chapter addresses the molecular mechanism of TopA
activity reduction following lysine acetylation. In order to study the effect of individual
lysine acetylation, the knowledge gap of how TopA guides the T-strand DNA during
catalysis was studied first. A full length crystal structure of TopA (PDB 4RUL) was
obtained in collaboration with Dr. Kemin Tan (Argonne National Lab) (Tan et al., 2015).
Nuclease footprinting assay was used to map the interaction TopA C-terminal domains
with the T-strand DNA. DNA crosslinking experiment was used to identify interactions
between specific amino acid residues of TopA and DNA which are not shown by the
available crystal structure. We found that nonenzymatic acetyl phosphate mediated
acetylation reduces TopA catalytic activity in the previous chapter. Here, mass
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spectrometry analysis of the in vitro acetyl phosphate acetylated TopA identified the
acetylated lysine residues which may contribute to the activity reduction following
acetylation. Selected lysine residues were substituted with alanine by site-directed
mutagenesis to mimic the state of lysine acetylation. The relaxation activities of purified
mutant TopA proteins was assayed to study the effect of individual lysine acetylation.
MATERIALS AND METHODS
Materials
The oligonucleotide Bubble Substrate is a partial duplex synthesized by SigmaAldrich (Figure 30A). The oligonucleotide Substrate-Y (Figure 30B) containing two
single- stranded DNA segment linked to a double-stranded stem was provided by Dr.
Greenbergas (Johns Hopkins University). G-strand of the Substrate-Y was hybridized with
T-strand which contains a reactive group PhSe incororporated at the 5’ end of the T-strand
(PhSeT). Radionucleotides [γ32P] ATP was used to radiolabel the oligonucleotide substrate

Figure 30 Oligonucleotide substrates
(A) Sequence of DNA Bubble structure (Tan et al., 2015). (B) Sequence of DNA Substrate-Y (Cheng
et al., 2017).
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with T4 polynucleotide kinase (New England Biolabs). Micro Bio-Spin chromatography
columns (Bio-Rad) and Sephadex G-50 (GE) were used to clean up the radiolabeled
oligonucleotides. Wild-type TopA and mutant TopA proteins are expressed from a
recombinant plasmid pLIC-EcTOP (Doyle, 2005). Primers used for site-directed
mutagenesis are listed in Table 4.
Nuclease footprinting of TopA binding to the bubble substrate
E. coli TopA G116S mutant was purified and reported in previous study (Cheng et
al., 2005). TopA G116S mutant forms a stabilized irreversible covalent complex after DNA
cleavage allowing the monitor of TopA binding. A bubble-substrate mimicking underwound DNA was designed to have a single TopA cleavage site in the bubble region of the
G-strand (Figure 30 A). The bottom strand has no cytosine base in the bubble region, so it
acts as the T-strand (Narula and Tse-Dinh, 2012). The G-strand or T-strand was labeled at
the 5’ end with [γ32P] ATP by T4 polynucleotide kinase (New England Biolabs). The
radiolabeled strand was hybridized with the other strand at 90°C for 10 min followed by
cooling down overnight to form the bubble substrate. Increasing concentrations of TopA
G116S were incubated with the bubble substrate in 40mM Tris-HCl, 0.1 mg/ml BSA, 5
mM MgCl2 for 1 h at 37°C. 5 ng of DNase I (New England Biolabs) or 7.5 pg of
Micrococcal nuclease (New England Biolabs) was incubated with the protein-substrate
complex for 2min or 1min at 37°C to digest unbound substrate region. Nuclease digestion
was stopped by addition of 50 mM EDTA. The reaction products were electrophoresed in
a 15% sequencing gel, and analyzed by Pharos FX Plus Phosphorimager (Bio-Rad).
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Mass spectrometry analysis to Identify TopA lysines crosslinked to Substrate-Y
TopA was crosslinked to unlabeled Substrate Y in crosslinking buffer (20mM
NaH2PO4, 100 mM NaCl, 1 mM EDTA, pH 7.2). The crosslinking reaction was initiated
by adding 5 mM NaIO4 and followed by incubating at room temperature in the dark for 2
hours. The crosslinking reaction was stopped by the incubation with 50 mM Na2SO3 at
room temperature for 5min. After crosslinking of Substrate-Y with TopA, the crosslinking
product was enriched by DE52 cartridge with diethylaminoethyl resin (GE) and eluted with
buffer containing 250 mM NaCl. After dialysis, the crosslinked Substrate-Y was digested
by 10,000 U Micrococcal nuclease at 37°C for 1 hour. The digestion products were
electrophoresed by SDS 5-10% gradient polyacrylamide gel, and visualized by Coomassie
blue staining. The gel band containing crosslinked TopA and unreacted TopA was excised
and submitted to the Proteomics and Mass Spectrometry Facility and the University of
Massachusetts Medical School for in-gel digestion with trypsin and LC/MS/MS analysis.
Mass spectrometry analysis of acetyl-phosphate acetylated TopA
0.1 µg/µl purified E. coli TopA was incubated with 5 mM acP at 37°C in 150 mM
Tris-HCl (pH 8.0), 10% glycerol, and 10 mM MgCl2 for 4 hours. The acetylation reaction
was stopped by adding an equal volume of 2X SDS loading buffer and then boiling for 10
min. 15 µg of acetylated TopA and 15 µg of control unacetylated TopA were
electrophoresed by 10% SDS PAGE gel and visualized by Coomassie blue staining. Gel
bands were excised and subjected to in-gel digestion with trypsin (Thermo Scientific). The
mass spectrometry part was carried out by Advance Mass Spectrometry Facility in FIU.
Mass spectrometry analysis was conducted in a Bruker Impact HD ESI-QTOF instrument
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in the reflectron mode and in the positive (+) ion polarity using nano-ESI direct infusion
with an ACN/H2O solvent with 0.1 % Formic Acid solvent (Beck et al., 2015). Mass
spectrometry data was analyzed utilizing the Bruker Daltonics Data Analysis software suite
equipped with Bruker Biotools for the analysis of the post-translational modifications.
Peptide mass fingerprinting identification was performed using the open access MASCOT
search utilizing the SwissProt Database. Searches were performed allowing for 2 missed
cleavages, and a peptide mass tolerance of +/- 0.1 ppm with carbamidomethyl (C) and
acetyl (K) fixed modifications and oxidation (M) variable modifications.
Site-directed mutagenesis
Mutations were introduced at indicated locations with primers listed in Table 4.
Plasmid pLIC-ETOP was used as the template for PCR amplification (Doyle, 2005).
QuickChange site-directed mutagenesis protocol and Q5 site-directed mutagenesis
protocol were used. With QuickChange Site-directed protocol, topA mutant clones were
amplified using Q5 High-fidelity DNA polymerase (New England Biolabs) in following
cycling conditions: 95°C for 30 s; followed by 35 cycles of 95°C for 20 s, annealing
temperature varied by primers for 20 s, 72°C for 4min; 72°C. After PCR amplification,
the template strand was digested by Dpn1 (New England Biolabs) at 37°C for 1h. The
Dpn1 digested plasmids were transformed into NEB 5α competent cells (New England
Biolabs). With Q5 Site-directed mutagenesis protocol, topA mutant clones were amplified
using Q5 hot start high-fidelity master mix in following conditions: 98°C for 30s; 25 cycles
of 98°C for 10s, varied annealing temperature for 20s, 72°C for 4min; 72°C for 5min. After
PCR amplification, Kinase, Ligase and DpnI (KLD) treatment was performed to circularize
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the PCR products and digest the DNA template. The mutant plasmids were transformed
into NEB 5α competent cells. Transformants were selected by plating on LB plates
containing 50 µg/ml kanamycin. Plasmids were extracted from colonies. The mutation and
the complete topA gene were verified by DNA sequencing service from Eurofins and
Genewiz.
Primer name

Primer sequence

TopA K19A
Forward

AACGATCAACGCGTATCTGGGTAGTGACTACGTG

TopA K19A
Reverse

TTGGCTTTTGCCGGGGAC

TopA K144A
Forward

GAGTGGTGTTTAACGAAATTACTGCAAACGCGATCCGCCAG

TopA K144A
Reverse

CTGGCGGATCGCGTTTGCAGTAATTTCGTTAAACACCACTC

TopA K153A
Forward

GGCATTTAACGCACCGGGTGAGC

TopA K153A
Reverse

TGGCGGATCGCGTTTTTA

TopA K346A
Forward

TATATCAGCGATAATTTTGGTAAGGCATATCTGCCGGAAAGTC
CGAATC

TopA K346A
Reverse

GATTCGGACTTTCCGGCAGATATGCCTTACCAAAATTATCGCT
GATATA

TopA K788A
Forward

CCAACACTTTCCCGGCATCGCGTGAAACG

TopA K788A
Reverse

CGTTTCACGCGATGCCGGGAAAGTGTTGG

TopA K484A
Forward

TTCAGTGAAGCATCGCTGGTTGCAGAGCTGGAAAAACGCG

TopA K484A
Reverse

CGCGTTTTTCCAGCTCTGCAACCAGCGATGCTTCACTGAA

Table 4 Primers used in site-directed mutagenesis
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Expression and purification of wild TopA and mutant TopA
Wild-type E. coli TopA and mutant TopA clones generated by site-directed
mutagenesis were transformed into E. coli BL21 DE3 competent cells (Invitrogen). The
pLIC-ETOP plasmid has the EcTOP1 coding sequence under the control of the T7
promoter with a protease cleavable N-terminal His6-tag. The T7 promoter is under the
control of isopropyl β- D-1- thiogalactopyranoside (IPTG) inducible lac promoter (Doyle,
2005). Protein expression in E. coli strain BL21 DE3 is also under the control of lacI
promoter. Recombinant wild-type TopA and mutant TopA were induced at 37°C for 4
hours with the addition of 1 mM IPTG to culture when OD600 reached 0.4. Cell pellets were
centrifuged after 4 hours induction and lysed by lysozyme treatment in lysis buffer (50mM
NaH2PO4, 0.3 M NaCl, 10mM imidazole, pH 8.0) on ice for 1 hour and three freeze-thaw
cycles. The soluble lysates were obtained as the supernatant fractions following
ultracentrifugation at 31,000 rpm at 4°C for 2 hours. The supernatant containing the
recombinant proteins was loaded onto the self-packed Ni Sepharose 6 Fast Flow (GE)
column, then washed with wash buffer (50mM NaH2PO4, 0.3 M NaCl, 20mM imidazole,
pH 8.0). The bound recombinant protein was eluted with elution buffer (50mM NaH2PO4,
0.3 M NaCl, 400mM imidazole, pH 8.0). Proteins in elution fraction were electrophoresed
by 10% SDS-PAGE gel and visualized by Coomassie blue staining. The elution fraction
containing recombinant TopA were combined and dialyzed against storage buffer (50mM
NaH2PO4, 0.3 M NaCl, pH 8.0, 50% glycerol, 1 mM DTT). When the removal of Nterminal His6-tag is required, elution fractions were dialyzed against Buffer A with 0.1 M
KCl (20mM KH2PO4, 1 mM EDTA, 0.1 M KCl, pH 8.0, 10% glycerol, 1 mM DTT). The
N-terminal His6-tag was cleaved by TEV protease treatment at 20°C for 4 hours followed
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by overnight incubation at 4°C. The cleaved His6-tag and TEV protease were removed by
passing through Ni Sepharose column. Recombinant proteins recovered in the flowthrough and wash fractions were purified by self-packed single-stranded DNA cellulose
(Sigma-Aldrich) column. After washing, increasing concentration of KCl was used for
gradient elution. Elution fractions containing recombinant TopA were dialyzed against
storage buffer (0.1 M KH2PO4, 0.2 mM EDTA, pH 8.0, 0.2 mM DTT, 50% glycerol).
Protein concentrations were determined using the Bradford Protein Assay (Bio-Rad).
Assay for TopA relaxation activity
TopA were serially diluted as indicated and assayed for relaxation activity in a
standard reaction volume of 20 µl (10 mM Tris-HCl, pH 8.0, 50 mM NaCl, 0.1 mg/ml
gelatin, 6 mM MgCl2, 150 ng of supercoiled pBAD/Thio plasmid DNA). After 30 min
incubation at 37°C, the reaction was stopped by addition of 4 µl stop solution (50 mM
EDTA, 50% glycerol, 0.5% (v/v) bromophenol blue). The DNA was electrophoresed in 1%
agarose gel with TAE buffer (40mM Tris-acetate, 2 mM EDTA) and visualized with UV
light.
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RESULTS
TopA interacts with double-stranded DNA substrate through a double chain model
As mentioned, in the proposed relaxation mechanism of type IA topoisomerase,
TopA binds to and cleaves the G-strand DNA allowing the T-strand to pass through.
However, details of how TopA interacts with both G- and T-strand DNA is still not clear.
Based on the crystal structure of full length TopA with single-stranded DNA (ssDNA)
bound to the C-terminal domains (4RUL) and the previous crystal structure of 67kDa TopA
with ssDNA bound to the N-terminal domains (3PX7) (Zhang et al., 2011), a
comprehensive model of TopA bound with two ssDNA segments representing the G-strand
and T-strand DNA was generated (Figure 31). To gain more information about TopA on

Figure 31. Modeled structure of full length TopA in complex with two ssDNA segments based
on two crystal structures each with one bound ssDNA segment (Tan et al., 2015)
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the mechanistic aspect as well as the structural aspect based on the full length TopA
structure, two models of TopA binding with G- and T-strand DNA during relaxation were
proposed: a single chain model and a double chain model (Figure 32A, B). In the single
chain model, TopA only interacts with the G-strand DNA, while in the double chain model,
N-terminal domains of TopA interact with the G-strand (Figure 32A) and C-terminal
domains interact with the T-strand (Figure 32B).
Nuclease footprint experiments were carried out to test these two models. The
Bubble-substrate (Figure 30A) with a 12-nucleotide unpaired region was used. The Gstrand unpaired region was shown in a previous study to be sufficient for TopA binding,
cleaving and rejoining (Narula and Tse-Dinh, 2012). The T-strand unpaired region will
not be cleaved by TopA because it does not contain cytosine required for TopA cleavage
recognition. TopA G116S mutant was used for the footprinting experiment to form a
covalent protein-DNA cleavage complex. Protection of the G-strand and T-strand in the
Bubble-substrate from DNase I or Micrococcal nuclease (MNase) digestion was monitored
by [γ32P] ATP labeling of the individual strand at the 5’ end. DNase I primarily cleaves
double-stranded region of the bubble substrate, while MNase preferentially cleaved the
single-stranded region. TopA G116S protein covalent binding with the G-strand resulted
in a partial protection of the dsDNA region from DNase I digestion in both the G-strand
and T-strand radiolabeled substrates (Figure 33A, B) and a complete protection of the
ssDNA region from MNase digestion in both substrates (Figure 34A, B). These results
further support the double-chain model shown in Figure 32 that during TopA relaxation,
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N-terminal domains mainly interact with the G-strand DNA segment and C-terminal
domains interact with the T-strand DNA.

Figure 32 DNA binding models (Tan et al., 2015)
(A) Single chain model. In single chain model, N-terminal and C-terminal domains of TopA primarily
bind to the G-stand. (B) Double chain model. In double chain model, N-terminal domains of TopA binds
to G-strand, while C-terminal domains of TopA binds to T-strand. D1 does not bind DNA in the crystal
structures.
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Figure 33 DNase I footprinting with the Bubble substrate (Tan et al., 2015)
(A) DNase I footprinting with G-strand of the Bubble substrate. Lane 1: Control (C), DNA only; Lane 2: DNase I only; Lanes
3-7: 10, 20, 40, 60, 100 ng TopA-G116S followed by DNase I; Lane 8: 100 ng of TopA-G116S only. (B) DNase I footprinting
with T-strand of the Bubble substrate. Lane 1: Control (C), DNA only; Lane 2: DNase I only; Lanes 3-7: 10, 20, 40, 60, 100
ng TopA-G116S followed by DNase I; Lane 8: 100 ng of TopA-G116S only.
TopA cleavage products is indicated by arrow. DNase I cleavage products are indicated by (*)
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Figure 34 MNase footprinting with the Bubble substrate (Tan et al., 2015)
(A) MNase footprinting with the G-strand. Lane 1: Control (C), DNA only; Lane 2: MNase only; Lanes 3-6: 10, 20, 40, 60
ng TopA G116S followed by MNase. (B) MNase footprinting with the T-strand. Lane 1: Control (C), DNA only; Lane 2:
MNase only; Lanes 3-6: 10, 20, 40, 60 ng TopA G116S followed by MNase.
TopA cleavage product is indicated by arrow. MNase cleavage products is indicated by (*).

Identification of lysines in TopA crosslinked to T-strand of Y-substrate
Tryptic digestion and LC/MS/MS analysis were used to identify crosslinked
peptides in nuclease treated Substrate Y-TopA complex with the increase of molecular
mass 649 as a result of crosslinking to the modified thymidine on the T-strand. The spectral
results indicated that lysine residues at positions 19, 28, 279, 303, and 679 of TopA were
crosslinked. Positions of these lysine sites are shown in Figure 35A. K19 and K28 are in
domain D1, K279 is in domain D2, K303 is in domain D3, and K679 is in domain D6.
Histidine681 may also be a potential crosslinking site. Moreover, no cysteines in the
crosslinked peptides was identified. K279, located in D2 domain of N-terminus, is
proximal to a nucleotide binding site in the central cavity of the enzyme based on the
structure of 67 kDa N-terminal TopA in complex with trinucleotides pTTT (PDB 1CY1)
(Figure 35B). K679, located in D6 domain of C-terminus, is proximal to the ssDNA based
on the crystal structure of full length TopA (PDB 4RUL) (Figure 35C). K28 which is in
D1 domain of N-terminus and K303 which is in D3 domain of N-terminus are positioned
close to the active site tyrosine in the structure of the covalent complex of TopA with a
cleaved G-strand DNA (PDB 3PX7) (Figure 35D).
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Figure 35 Positions of crosslinked lysine residues in TopA (Cheng et al., 2017)
(A) Locations of crosslinked lysine residues in different domains of full length TopA (PDB 4RUL). (B)
A close-up view of K279 in proximal to nucleotide binding sites (PDB 1CY1). (C) A close-up view of
K679 in proximal to ssDNA bound to the C-terminus (PDB 4RUL). (D) A close-up view of K28 and
K303 positioned close to active site tyrosine and the covalently bound ssDNA (PDB 3PX7).
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Identification of acetylated lysine residues in acP-acetylated TopA
As we showed in Chapter One, acetyl phosphate (acP) mediated in vitro acetylation
of TopA reduced the enzyme catalytic activity. To investigate the acetylated lysine residues
of TopA that may cause the activity reduction, mass spectrometry was used to analyze acPacetylated TopA. 15 µg of unacetylated TopA and 15 µg acetylated TopA were processed
in parallel for trypsin digestion and MS analysis. Abundant acetylated lysine sites have
been detected (Table 5). Analysis of TopA acetylated by low concentration acetylphosphate identified 15 acetylation sites with 68.2% sequence coverage. K57, K58 and
K61 are located in domain D1; K443 is located in domain D2; K302 and K346 are located
in domain D3; K185 is in domain D4; K677, K727, K737 and K741 are located in zinc
ribbon domains (domain D5-D7). K810, K836, K859 and K864 are located in the Cterminal domain of TopA (Figure 36A). Analysis of TopA acetylated by high concentration
of acetyl-phosphate has identified 44 acetylation sites with 54.6% sequence coverage. K3,
K15, K19, K46, K54, K57, K58, K60, K61, K91, K97, K102, K144 are in domain D1;
K302, K407, K423, K443 are located in domain D2; K436 in D3; K212, K484 and K521
are located in domain D4; K605, K659, K664, K727 and K741 are in zinc ribbon domain
(domain D5-D7), K752, K810, K834, K844 and K864 are located in C-terminal domain of
TopA responsible for DNA binding (Figure 36B). More acetylated lysine sites were found
in TopA acetylated by high concentration acP than that by low concentration acP, which
was consistent with the reduction of TopA activity shown in Chapter One (Figure 18).
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ac

acP
concentration

K sites

Sequence coverage

Low [acP]

57, 58, 61, 185, 302, 346, 443, 677, 727,
737, 741, 810, 836, 859, 864

122 peptide hits,
68.2% coverage

High [acP]

3, 15, 19, 46, 54, 57, 58, 60, 61, 91, 97,
102, 144, 212, 302, 407, 423, 436, 443,
484, 521, 605, 659, 664, 727, 741, 752,
810, 834, 844, 864

149 peptide hits,
54.6% coverage

Table 5 Mass spectrometry identified acetylated lysine sites in acP acetylated TopA.

Figure 36 Positions of mass spectrometry identified acetylated lysine sites in acP acetylated TopA
(A) Acetylated lysine in full length TopA from low concentration acP acetylation (PDB 4RUL). (B)
Acetylated lysine in full length TopA from high concentration acP acetylation (PDB 4RUL).
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Substitution of Lys-484 reduces TopA relaxation activity
To model the effect of acetylation on individual lysine, site-directed mutagenesis
to mutate lysine to alanine was performed. Alanine substitution of lysine removes the
positive charge on lysine side chain mimicking the effect of lysine acetylation.
Recombinant TopA mutant proteins were expressed in a cobB+ genetic background,
immunoblotting of wild-type TopA using anti acetyllysine antibody observed no
acetylation signal (Figure 22 A lane 1).
The standard relaxation assays with negatively supercoiled plasmid DNA as the
substrate showed that the relaxation activity of TopA K484A mutant was reduced by
approximately 4-fold (Figure 37A). Meanwhile, assays on TopA K19A mutant, K144A
mutant, K153A mutant, K346 mutant, K788A mutant showed no significant reduction of
TopA activity (Figure 37B). These results indicated that acetylation on lysine 484 may
contribute to the reduction in TopA catalytic activity.
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Figure 37 Relaxation assay comparing wild-type TopA with mutant TopA
(A) Wild-type TopA and K484A. Serial dilutions of TopA (50ng, 25ng, 12.5ng, 6ng, 3ng, 1.5ng) were
incubated with 150 ng negatively supercoiled plasmid DNA (S) at 37°C for 30 min. (B) Wild-type TopA
and K19A,K153A, K144A, K346A and K788A. Serial dilutions of K19A,K153A, K144A and K346A (50ng,
25ng, 12.5ng, 6ng, 3ng, 1.5ng) were incubated with 150 ng negatively supercoiled plasmid DNA (S) at 37°C
for 30 min. Serial dilutions of K788A (100ng, 50ng, 25ng, 12.5ng, 6ng, 3ng, 1.5ng) were incubated with 150
ng negatively supercoiled plasmid DNA at 37°C for 30 min.
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DISCUSSION

In Chapter One, we have shown that lysine acetylation reduced TopA catalytic
activity. In Chapter Two, we investigated physiological significance of TopA acetylation.
To understand the molecular mechanism behind the activity reduction caused by
acetylation, we modeled the effect of acetylation on individual lysine residues of TopA.
We used site-directed mutagenesis to generate single mutation on selected lysine residues
to alanine, mimicking the removal of positive charge from lysine by acetylation. Our results
in Chapter three shed light on the potential effect of acetylation on individual lysine residue,
and also provide insights on TopA relaxation mechanism proposed previously.
To select and mutate lysine residues which are both acetylated and significant,
structural and mechanistic studies have been performed. As mentioned, global proteomics
analysis reveal abundant acetylated lysine sites under various growth conditions (Baeza et
al., 2014; Weinert et al., 2013; Weinert et al., 2017; Yu et al., 2008; Zhang et al., 2009a;
Zhang et al., 2013a). Most of the acetylated lysines are located in the solvent exposed
positions. They would be accessible to the CobB deacetylase as substrate, and may
influence initial association between TopA and chromosomal DNA for the formation of
the catalytically competent TopA-DNA complex. During TopA relaxation action, the
interaction between TopA C-terminus and DNA is important for TopA to unwind DNA.
The N-terminal domains of TopA can cleave and rejoin single-stranded DNA but cannot
relax negatively supercoiled DNA due to the lack of C-terminal zinc-ribbon domains that
are required for strand passage (Ahumada and Tse-Dinh, 2002; Beran-Steed and Tse-Dinh,
1989; Lima et al., 1993). In the recently obtained crystal structure of full length E. coli
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TopA, a single-stranded DNA is co-crystallized to bind to the C-terminal domains (PDB
4RUL) (Tan et al., 2015). Two potential binding models for interaction between C-terminal
domains of TopA and ssDNA were generated. The first possible model is the single chain
model, where TopA binds to G-strand and the torsional energy stored in the double helix
drives TopA relaxation. The second one is the double chain model, where N-terminal
domains of TopA bind to G-strand and C-terminal domains bind to T-strand. In this model,
the C-terminus guides strand passage. Our nuclease footprinting results support the double
chain model (Figure 33, 34). TopA G116S was used to form the covalent complex with
Bubble substrate. DNase I and MNase digestions showed the protection from TopA G116S
on double-stranded regions and single-stranded regions of the substrate, which agrees with
the double chain model. The results confirm the interaction between C-terminal domains
and DNA during relaxation. Acetylation of lysines located on the C-terminal domains may
have potential effect on T-strand binding and strand passage during relaxation. Lysine
acetylation at the C-terminal domains of TopA may also influence its direct interaction
with RNA polymerase during transcription elongation (Cheng et al., 2003). Moreover, this
double strand model suggests that TopA might directly bind to the unwound DNA of the
transcription bubble behind the transcription complex to relax the negative supercoils.
The acetylation states of some lysine residues on the N-terminal domains of TopA
would also potentially affect the enzyme conformational change required for the opening
and closing off the DNA cleavage gap for strand passage. Several lysine residues have been
identified here to be proximal to T-strand during relaxation. TopA was crosslinked to the
Substrate-Y with the reactive group PhSe attached to the 5’ end of T-strand. TopA
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undergoes multiple conformational changes during relaxation (Viard and de la Tour, 2007).
The crosslinking experiment help to identify interactions between TopA and DNA beyond
the interactions shown by the available crystal structure. Out of 70 lysines in TopA, five
lysines K19, K28, K279, K303 and K679 were crosslinked to the T-strand, suggesting these
lysine residues were in close proximity to the T-strand during catalysis. These lysines may
be involved in the interaction between TopA and DNA in different steps during relaxation.
K19, K28 and K679 located in D1 and D6 domains maybe involved in the initial binding
of TopA to DNA prior to DNA cleavage (Figure 8, step 1). It is possible that acetylation
on these three lysine sites may affect the initial binding of DNA by TopA. However,
mutation of these individual lysine residue may only have a small effect on DNA binding
and catalysis. During relaxation, the active site tyrosine cleaves DNA and forms a DNA
gap to allow the T-strand to pass through. K28 together with K303 are positioned close to
the active tyrosine, suggesting K28 and K303 may also involve in DNA cleavage and
strand passage. Acetylation on K28 and K303 might change the efficiency of relaxation.
K279 being close to a nucleotide-binding site in the central cavity, may be involved in the
interaction with the T-strand DNA during and after strand passage (Figure 8, step 3).
Acetylation on K279 might interfere the strand passage process.
To identify lysines that are acetylated by acetyl phosphate, mass spectrometry
analysis of chemically acetylated TopA was performed. The hybrid quadrupole time-of
flight mass spectrometry (QTOF), one of the major principle methods used in proteomic
studies, provided us detailed information on acetylated lysine sites (Beck et al., 2015). 15
lysine residues have been identified to be acetylated under low acetyl phosphate

101

concentration, while 44 lysine residues have been identified were acetylated under high
acetyl phosphate concentration. More information could be obtained through the
determination of the acetylation stoichiometry for these lysine residues in future studies.
However, the broader distribution of acetylated lysine sites under high acetyl phosphate
concentration is consistent with lower TopA catalytic activity shown in Figure 22.
Combining the lysine sites identified under physiological conditions and in vitro
acetylated lysine sites identified by MS, with the consideration of the potential structural
and mechanistic significance of these lysines, several lysine residues have been mutated
and assayed for relaxation activity. Substitution on K484 have shown reduced activity
about four-fold. Thus, acetylation on K484 may contribute to the reduction of TopA
activity in cell extract (Figure 18), probably due to the location of K484 close to the
catalytic center. Substitutions on other lysine residues (K19, K144, K153, K346, K788)
showed similar relaxation activity as wild-type TopA, but may have impacts on proteinDNA or protein-protein interactions which need to be further addressed.
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SUMMARY
DNA topological states influence all major DNA transaction processes in living
cells. DNA topoisomerases are essential for the maintenance of proper DNA topology for
cell survival. Topoisomerases cleaves single-stranded or double-stranded DNA via a
transesterification reaction. Based on the number of cleaved DNA strand, topoisomerases
are classified as type I topoisomerase which cleaves one strand of DNA during reaction,
and type II topoisomerase which cleaves two strands. Subfamilies of topoisomerases from
type I and type II each have their distinct substrate specificities responsible to resolve
certain types of topological problems raised during DNA transactions including DNA
replication, transcription and recombination. Type IA topoisomerases are essential and
ubiquitous enzymes that are present in all domain of life. Type IA topoisomerases
including topoisomerase I and topoisomerase III in E. coli is important for removal of DNA
supercoils.
Nε-lysine acetylation has been studied extensively for its role in eukaryotic cells.
Recently, the investigation of lysine acetylation has been expanded to bacteria. Nε-lysine
acetylation is a reversible post-translational modification which allows the protein to turn
on and turn off its function. The donation of acetyl group from acetyl-phosphate and acetylCoA is required for nonenzymatic and enzymatic acetylation in bacteria. Proteomic
analysis revealed significant roles of acetylation in bacterial physiology for the regulation
of central metabolism enzymes, motility, and chemotaxis gene expressions and stress
resistance systems. Abundant proteins in E. coli are acetylated according to several
proteomic reports. Although some E. coli proteins such as RNA polymerase, chemotaxis
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response regulator CheY and acetyl CoA synthetase have been well studied currently, the
roles of acetylation on most E. coli proteins are largely unexplored. Among these acetylated
proteins, DNA topoisomerase I has been shown to be acetylated at multiple lysine residues
implying the potential regulatory role of acetylation on E. coli TopA.
Topoisomerase I (TopA) is a vital enzyme for cell survival. This enzyme is highly
efficient for binding to single-stranded DNA region and relaxation of negative supercoiling.
Therefore, TopA is well suited to resolve the excess negative supercoiling generated behind
RNA polymerase during DNA transcription and in suppression of R-loop accumulation.
The transcription of topA gene is increased with DNA negative supercoiling level. During
stress challenges including heat shock and oxidative stress, the relaxation of transcription
driven negative supercoiling by TopA is important for regulation of DNA supercoiling to
fit the need for cell survival in response to these environmental challenge. Considering the
significant role of TopA, we hypothesized that acetylation state of TopA is important for
bacterial physiology. The overall goal of this dissertation project is to clarify the effect of
topoisomerase I acetylation in E. coli at both molecular and physiological level, as well as
possible mechanisms related to reduction of TopA relaxation activity following acetylation.
I hypothesized that acetylation inhibits TopA activity. In chapter one, the effect of
TopA acetylation was studied using ∆cobB mutant E. coli strain. TopA relaxation activity
in the ∆cobB mutant cell extract was compared to that in the wild-type cell extract. I found
that TopA activity in the total cell lysate of ∆cobB mutant strain was significantly reduced
even though topA gene transcription and protein expression levels were increased about
1.5-fold. The change of TopA expression in the absence of CobB is consistent with the
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increased DNA supercoiling level observed in chapter two. On the basis of these results,
we proposed a homeostatic regulation model of TopA acetylation that the reduction of
TopA relaxation activity due to the missing deacetylase function in the ∆cobB mutant
increases DNA negative supercoiling, which in turn upregulates topA gene transcription
and TopA expression. Evidence showing TopA activity reduction in the in vitro acPmediated nonenzymatic lysine acetylation confirmed our hypothesis that acetylation
inhibits TopA activity. Besides the global effect of TopA acetylation on DNA supercoiling,
we have showed that TopA acetylation affect cell growth. The ΔcobB mutant displayed a
slow growth phenotype in entering the exponential phase potentially due to the global
effect of acetylation on a large number of E. coli proteins. Intriguingly, the slow growth
phenotype of ΔcobB mutant is reversed by overexpression of recombinant TopA. This
could because of the global effect of TopA in regulation of DNA supercoiling. The reverse
effect of slow growth by TopA overexpression is partial, suggesting other cellular
processes which are not DNA supercoiling related are involved. Analysis of TopA
acetylation showed that the acetylation level of TopA is associated with growth stages.
TopA was found to be at its lowest acetylation level during growth transition into stationary
phase from exponential phase, and at its highest acetylation during growth arrest. The
correlation between degree of lysine acetylation and TopA activity was further established
using purified His-tagged TopA expressed from the chromosome.
More importantly, we found that deacetylation of TopA by CobB could partially
reverse the effects of TopA acetylation. Sirtuin deacetylase CobB, the only well studied
deacetylase so far in E. coli, was able to prevent the TopA inactivation in the in vitro assay.
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Introduction of plasmid pCobB into the ΔcobB mutant also rescued the excess negative
DNA supercoiling and the delayed cell growth. In a previous report, TopA is identified as
a CobB interacting partner. Here, we confirmed the TopA and CobB interaction by pulldown assay using purified TopA and CobB. Hence, we conclude that acetylation on TopA
reduces the enzyme activity, and the deacetylation of TopA by CobB is of physiological
significance.
We further analyze the potential mechanism of reduction in TopA relaxation
activity following acetylation. Potential acetylated lysine residues of TopA were first
identified based on previous proteomics reports, 20 out of 70 lysine residues were found to
be acetylated. Most of the acetylated lysine residues are prone to locate in the solvent
exposed positions which are accessible for CobB deacetylase. Acetylation on these
exposed lysines may influence association between TopA and its DNA substrate required
during the enzyme relaxation process. We conducted a structural examination of TopA to
further identify potentially significant lysine acetylation sites. Nuclease footprinting and
oxidative crosslinking were used to elucidate TopA-DNA interaction and DNA strand
passage. The nuclease footprinting experiments conducted following the recent
determination of a co-crystal structure of TopA-ssDNA complex revealed that T-strand
DNA is bound to C-terminal domains of TopA while G-strand DNA is bound to N-terminal
domains. This double chain interaction model is in agreement with the previous finding
that N-terminal domains of TopA alone can cleave and rejoin DNA but cannot relax
negative supercoils. T-strand with a reactive group PhSe attached to the 5’ end was used
to crosslinked with TopA on amino acids which are in close proximity during relaxation.
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During TopA relaxation, five lysine residues (Lys-19, Lys-28, Lys-279, Lys-303 and Lys649) were identified as crosslinking sites and may potentially affect the enzyme
conformational change or strand passage during catalysis. These five lysine residues are
either acetylation sites identified by previous proteomics studies or close to acetylation
sites. As showed in chapter one, the relaxation activity of TopA acetylated by the in vitro
acP mediated acetylation is significantly reduced. In chapter three, we analyzed acetylated
lysine residues of in vitro acetylated TopA using mass spectrometry. Abundant lysine
acetylation sites have been identified. These TopA structural analysis and identified
acetylation sites provide information for studying the role of individual lysine acetylation.
We started with genetic mimic of acetylation on Lys-19, Lys-144, Lys-153, Lys-346, Lys484 and Lys-788. We found alanine substitution of Lys-484 resulted in reduced relaxation
activity. According to the crystal structure of TopA, Lys-484 is positioned at the edge of
cavity hole, which is close to the catalytic center. Acetylation of Lys-484 might affect
TopA-DNA interaction or TopA conformations required for catalysis. Although alanine
substitution of other lysine residues showed no activity reduction, the interactions of TopA
with other protein may be affected. It may also be necessary to combine the effect of
multiple lysine modification to observe the effect on TopA relaxation activity. The
elucidation of the biochemical significance of individual TopA lysine acetylation sites
would require future mechanistic and genetic studies.
The results presented in this project support modulation of TopA catalytic activity
via lysine acetylation, and a physiological function of E. coli CobB in preventing TopA
inactivation from excess lysine acetylation. There are questions that remain to be answered
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with regard to potential regulation of topoisomerase activity and DNA supercoiling as a
global signal by acetylation-deacetylation in bacteria. Determination of the acetylation
stoichiometry at specific TopA lysine residues under various growth conditions is currently
incomplete. In addition to the confirmed lysine acetyltransferase YfiQ, there may be other
E. coli acetyltransferases that remain to be identified and characterized. Lysine acetylationdeacetylation has been linked to stress response in bacteria, and may provide a more rapid
mechanism for modification of TopA catalytic activity than the transcription response from
topA promoters.
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